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Summary

Based on the General Theory of Relativity Albert Einstein predicted the existence of gravitational
waves as early as 1916. It took until now to develop large-scale interferometric gravitational wave
(GW) detectors with sensitivities which would allow a direct measurement of a GW caused by an
astrophysical event, such as a nearby supernova explosion. GW detectors have steadily improved
over recent years and are currently producing a continuous stream of scientifically relevant data.

The limiting noise in the higher frequency range of the GW detection band is shot noise,
which is caused by vacuum fluctuations entering the detector through its dark port. Current
GW detectors use high-power lasers to reduce shot noise. In addition, techniques such as power
recycling and signal recycling have been developed. These techniques increase the laser power in
the interferometer arms and amplify the GW induced signal sidebands respectively, to increase
the shot noise limited sensitivity even further. In 1981 Caves proposed using squeezed light to
reduce the vacuum fluctuations, thereby increasing the signal-to-noise ratio of the GW detector.

The generation of squeezed states was first experimentally demonstrated by Slusher et al. in
1985. Since then, the technique of squeezing has evolved and today it can be used as a tool in
real applications such as GW detection. It is planned to use squeezed light in future generations
of GW detectors to enhance their sensitivity beyond quantum noise. This thesis analyzes and
demonstrates the compatibility of squeezed light and advanced techniques of high-precision laser
interferometry for GW detection.

Initially, an optical parametric amplifier (OPA) is set up to produce the desired squeezed
states of light (Chapter 3). This source is characterized—and consequently optimized—to deliver
a maximum squeezing strength of up to 5.7 dB.

The detuned signal-recycling cavity of GEO600 and future GW detectors inevitably requires
study of the effects caused by reflection of an initially frequency-independent squeezed state of light
at such a cavity. The squeezing ellipse orientation of the reflected light is frequency-dependent;
consequently, the sensitivity of the GW detector is only enhanced in a small frequency range. In
Chapter 4 such frequency-dependent squeezed states are generated and characterized.

The demonstration of a squeezed-light-enhanced dual-recycled Michelson interferometer with
a broadband improved sensitivity is presented in Chapter 5. Here, a smaller version of GEO600,
downsized by a factor of 1000, is set up as a tabletop experiment. A detuned filter cavity is used
to compensate the effects of the signal-recycling cavity, which results in a non-classical sensitivity
improvement in the entire frequency band of interest.

The enhancement of a large scale GW detector demands the availability of squeezed light in the
GW detection band from 10 Hz–10 kHz. Chapter 6 describes the newly developed locking scheme
required for the generation of such low-frequency squeezing, along with the results obtained.

Finally, an outlook is given in Chapter 7 of the possible performance increase of the next
generation GW detector, GEO-HF, due to squeezed-light injection. Different options for filter
cavities and their implementation in the current vacuum system are discussed, as well as a detuned
twin-signal-recycling option.

Keywords: gravitational wave detector, OPA, frequency-dependent squeezed light, squeezed-
light-enhanced dual-recycled Michelson interferometer, low-frequency squeezing, GEO-HF
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Zusammenfassung

Im Jahr 1916 hat Albert Einstein basierend auf der Allgemeinen Relativitätstheorie die Existenz
von Gravitationswellen vorausgesagt. Erst heutige große interferometrische Gravitationswellen-
detektoren (GWD) erreichen Sensitivitäten, die eine direkte Detektion einer Gravitationswelle
(GW) astrophysikalischen Ursprungs, wie etwa einer nahen Supernova, erlauben würden. GWD
sind über die letzten Jahre stetig verbessert worden, so dass zum aktuellen Zeitpunkt eine kon-
tinuierliche Aufnahme wissenschaftlicher Daten gewährleistet ist.

Die limitierende Rauschquelle im oberen Bereich des GW Detektionsbandes ist das Schrot-
rauschen, welches durch Vakuumfluktuationen verursacht wird. Diese koppeln über den dunklen
Ausgang des Interferometers ein. Derzeitige GWD benutzen Hochleistungslaser, um das Schrot-
rauschen abzusenken. Zusätzlich sind Techniken wie etwa Power-Recycling und Signal-Recycling
entwickelt worden. Diese Techniken erhöhen einerseits die Laserleistung in den Interferometer-
armen und andererseits werden die durch die GW verursachten Signalseitenbänder verstärkt,
was die schrotrauschlimitierte Sensitivität weiter verbessert. 1981 hat Caves vorgeschlagen, ge-
quetschtes Licht zu benutzen, um die Vakuumfluktuationen zu verringern. Dies hat einen Anstieg
des Signal-zu-Rausch-Verhältnisses des Gravitationswellendetektors zur Folge.

Slusher et al. haben 1985 erstmals gequetschtes Licht hergestellt. Seitdem hat sich die Technik
zur Herstellung gequetschten Lichtes weiterentwickelt, so dass es heutzutage als Werkzeug in
realen Anwendungen, wie etwa der GW Detektion angewendet werden kann. Gequetschtes Licht
wird in zukünftigen GWD benutzt werden, um deren Sensitivität über das Quantenrauschen
hinaus zu verbessern. Die vorliegende Arbeit analysiert und demonstriert die Kompatibilität von
gequetschtem Licht und Techniken der Präzisions-Laser-Interferometrie für die GW Detektion.

Als erstes wird ein optisch-parametrischer Verstärker (OPA) aufgebaut, der das gewünschte
gequetschte Licht produziert (Kapitel 3). Diese Quelle wird charakterisiert und ist über den
gesamten Zeitraum dieser Arbeit optimiert worden, so dass eine maximale Rauschunterdrückung
des gequetschten Lichtes von 5.7 dB erreicht worden ist.

Die verstimmten Signal-Recycling Resonatoren von GEO600 und zukünftigen GWD machen
eine Untersuchung der Effekte bei Reflektion von anfänglich frequenzunabhängig gequetschtem
Licht an diesem verstimmten Resonator unabdingbar. Es stellt sich heraus, dass die Orientierung
der Squeezing Ellipse des reflektierten Lichtes frequenzabhängig ist. Deshalb ist die Steigerung
der Sensitivität auf einen kleinen Frequenzbereich eingeschränkt. In Kapitel 4 werden solche
frequenzabhängig gequetschte Zustände hergestellt und charakterisiert.

Ein squeezed-light-enhanced Dual-Recycled Michelson Interferometer mit einer breitbandigen
Verbesserung der Sensitivität wird in Kapitel 5 präsentiert. Eine um den Faktor 1000 verklein-
erte Version des GWDs GEO600 ist auf einem optischen Tisch aufgebaut worden. Ein ver-
stimmter Filter-Resonator wird benutzt, um die Auswirkungen des verstimmten Signal-Recycling-
Resonators zu kompensieren und so eine nicht-klassische Steigerung der Sensitivität über die
gesamte relevante Bandbreite zu erhalten.

Die Verbesserung eines großen GWD verlangt nach gequetschtem Licht im GW Detektions-
band von 10 Hz–10 kHz. Kapitel 6 beschreibt das für die Herstellung tieffrequenten gequetschten
Lichtes erforderliche und neu entwickelte Kontrollschema des OPA und präsentiert die daraus
resultierenden Ergebnisse.

Zum Abschluss wird in Kapitel 7 ein Ausblick auf die mittels gequetschten Lichtes mögliche
Steigerung der Sensitivität von GEO-HF – einem GWD der nächsten Generation – gegeben.
Verschiedene Filter-Resonator Topologien und ihre Integration in das bestehende Vakuumsystem
werden ebenso diskutiert wie die mögliche Verwendung von verstimmtem Twin-Signal-Recycling.

Stichworte: Gravitationswellendetektor, OPA, frequenzabhängiges gequetschtes Licht, squee-
zed-light-enhanced Dual-Recycled Michelson Interferometer, tieffrequentes gequetschtes Licht,
GEO-HF
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Chapter 1

Introduction

1.1 Historical overview

Only months after Einstein published his theory of gravitation, the General Theory of
Relativity in 1915, he predicted the existence of gravitational waves (GWs) [Ein16]. These
waves are a direct consequence of the causality of gravity: any change in sources of
gravitation has to be distributed in spacetime no faster than the speed of light c. A good
introduction to general relativity is provided by [MTW73, Sch02]. The first calculations of
GW radiation were done by Einstein himself. These contained an error in the calculation
which he corrected himself in 1918 [Ein18]. Einstein’s final result stands today as the
leading-order quadrupole formula for GW radiation [FH05]. This formula plays the same
role in gravity theory as the dipole formula for electromagnetic radiation does in the
theory of electro-magnetism. Here it can be seen that GW and electromagnetic waves
are in close analogy to each other. Both are transverse and propagate with the speed
of light c. However, GWs originate from accelerated masses while electromagnetic waves
are produced by accelerated charges. The lowest order mode of oscillation for both waves
is different, GWs are quadrupole waves, whereas electromagnetic waves show a dipole
characteristic. The quadrupole formula tells us that the production of a GW is difficult
and for a nominal effect to spacetime, very large masses, moving at relativistic speeds are
needed. These requirements can only be satisfied by astrophysical events under extreme
conditions, such as supernovae stellar explosions, coalescing binary systems (black hole–
black hole, neutron star–neutron star, black hole–neutron star, etc.), pulsars, or the
stochastic background of the early Universe. A detailed overview of sources of GW
radiation can be found in [Tho83, CT02]. While the generation of GWs is difficult,
their detection is even harder. Of the four fundamental interactions known today, the
gravitational interaction produces the weakest observable effects on earth.

A GW is a distortion of the curvature of spacetime itself. Its amplitude, also often
referred to as strain, is given by the dimensionless quantity [AD05]

h =
2 δLGW

L
, (1.1)

where δLGW is the change in the distance L between two spacetime events caused by a
GW. The strength of the GW radiation depends on the quadrupole moment I and on its
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distance r to the source:

h =
2G

c4
1

r

∂2

∂t2
I . (1.2)

It is the factor G/c4, with G being Newton’s gravitational constant and c the speed of
light, that makes the GW interaction so weak. As an example for the amplitude of a GW,
let us consider a supernova at a distance of 10 kpc. Such a nearby stellar explosion would
result in a strain of only about h ≈ 10−20 when measured on earth. The performance of
a GW detector is usually expressed by the linear spectral density h̊, which is given by the
square root of the power spectral density.

h̊ =
√
Sh(f) [1/Hz] , (1.3)

where Sh(f) is the frequency-dependent variance of h within a bandwidth of 1 Hz. For
an almost constant h and a detector bandwidth of ∆f one obtains

h̊
√

∆f = h . (1.4)

The extremely small gravitational wave amplitude may have been the reason that
even Einstein did not suspect that GWs could ever be detected. Until today no direct
detection of a GW has occurred. However, several indirect measurements from binary
neutron star systems have been reported with a variation of the mass quadrupole moment
large enough that GWs are being emitted. The resulting change in the orbital frequency is
on time scales short enough to be observable. The most prominent example is the Hulse–

Taylor pulsar, PSR1913+16, reported by Hulse and Taylor in 1975 [HT75]. Observations
over a period of 30 years clearly showed the decaying orbit of the two neutron stars.
The measured effect matches the values predicted by general relativity to extraordinary
precision. Hulse and Taylor were awarded the Nobel Prize in 1993 [Hul94, Tay94] for
the discovery of PSR1913+16. The analysis of this and other binary systems prove the
existence of GWs, beyond a reasonable doubt. What remains is the first direct detection
of a GW, before GWs can be used as a tool to investigate astrophysical objects.

1.2 The first gravitational wave detector

It took until the late 1950’s when Joseph Weber started to set up an experiment to de-
tect GWs. He was the first to conduct pioneering experiments with so-called resonant

bar detectors. These detectors use a solid elastic body with a high mechanical quality
factor, resulting in a sharp resonance of the body’s eigenmode. The idea is that the GW
excites this resonance and the elastic vibrations of the mass are measured with a trans-
ducer, that translates displacement into an electric signal. In 1969 Weber claimed that
he observed a coincidence in his detectors at the University of Maryland and the Argonne
National Laboratory [Web69] and concluded to have measured the first GW. This discov-
ery encouraged several groups to set up resonant bar detectors to study GWs. However,
it turned out that no-one could reproduce Weber’s results. After a thorough analysis it
became clear that Weber’s detectors were not sensitive enough to measure GWs. Conse-
quently, Weber’s claim of a first direct detection was never accepted within the scientific
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1.3 Gravitational wave detection with laser interferometers

h+

h

0 π/2 π 3π/2 2π

+

Figure 1.1: The effect of a gravitational wave (GW) on a Michelson interferometer as time
evolves. The direction of propagation of the GW is perpendicular to the image plane. The
effect is displayed for both polarization modes of the GW. In the case of the +-polarization, the
quadrupole characteristic of the GW causes one arm to stretch while the other arm is shortened.
It is worth noting that the Michelson interferometer is insensitive to the ×-polarization of the
GW.

community. Nevertheless, Weber pioneered the research field of GW detection and since
then many scientists have followed in his footsteps.

Groups all over the world started to work with resonant bar detectors and tried to
improve their sensitivity ever since. Today several resonant detector projects [AD05] are
running: ALLEGRO at Baton Rouge in the USA [HDG+02], AURIGA at Legnaro in Italy
[VftAC06], EXPLORER at the CERN in Switzerland[ABB+06], NAUTILUS at Frascati
in Italy [ABB+06], Mario Schenberg in São Paulo in Brazil [AAB+06] and MiniGRAIL at
Leiden in the Netherlands [dWBB+06]. They use masses of up to two tons. To minimize
thermal noise of the detectors they are typically cooled down to at least liquid helium
temperatures and even temperatures of the order of 100 mK are used. These detectors
reach peak strain sensitivities from h̊ = 3×10−21/

√
Hz up to h̊ = 2×10−22/

√
Hz at their

resonances, which are typically of the order of kilohertz. Due to their high Q factors the
resonances are very sharp and thus, the detection bandwidth of such a detector is mainly
below 100 Hz. Consequently, resonant detectors are not the ideal instrument to perform
GW astronomy.

1.3 Gravitational wave detection with laser interferometers

The limited bandwidth of the resonant bar detectors encouraged scientists to use laser
interferometers as gravitational wave detectors. The first proposal [GP63] was published
in 1963 by Gerstenshtein and Pustovoit in Russia, which included a first estimate of
the achievable sensitivity. Collins [Col04] claims Weber and his students considered this
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Figure 1.2: Schematic of three different optical layouts of laser interferometric based gravitational
wave detectors. All layouts are based on a simple Michelson interferometer, which is displayed in
❶. The second configuration includes power recycling and Fabry-Perot cavities in the arms. This
layout is used by the current GW detectors LIGO and VIRGO. The third optical layout is that of
GEO600. It has folded arms to reach a effective arm length of 1200 m and uses power recycling
and signal recycling to enhance its sensitivity.

idea independently in 1964. Both groups realized that a laser interferometer is a perfect
instrument for detecting GWs. Its major advantage, compared to the resonant detectors,
is the broadband detection ability in a frequency band from 10 Hz to some kilohertz.

A GW changes the distance L between two free falling test masses by δLGW. Due
to its quadrupole nature, two perpendicularly oriented distances would be changed by
the same maximum amount but with different sign if the incoming polarization of the
GW is orientated optimally with respect to the two distances. Figure 1.1 shows the
two polarization modes of a GW travelling perpendicular to the image plane acting on
a simple Michelson based laser interferometer. In an interferometer a laser beam is split
into two separate beams by a beam splitter. The two beams propagate individually along
the interferometer arms. At the end mirrors, also referred to as test masses, the two light
fields are reflected back towards the beam splitter. During this propagation through the
interferometer arms, the length change δLGW induces a phase shift between the two light
fields of

δφGW =
4π

λ
δLGW . (1.5)

Here, λ is the wavelength of the laser. This phase change can be detected with the
Michelson interferometer. In the normal operation mode the interferometer arms are
adjusted such that all the light is reflected back to the laser source. As a consequence, no
light leaves the interferometer at the output port. This so-called dark port is controlled
by a feedback loop actuating the position of the end mirrors. A GW and its induced
phase change of the light fields in the interferometer arms results in a deviation from the
dark port condition which can be sensed via a photodetector. Equation 1.1 shows that
the sensitivity of such an interferometer depends on the length of its arms. Hence, the
longer the detector arms, the better.

The first laser interferometer based GW detector was set up in 1971 under the lead of
Forward [MMF71], one of Weber’s former coworkers. After Weiss published his analysis
of the limiting noise sources of such a laser interferometer [Wei72], a number of groups
started to set up prototypes of long baseline GW detectors based on a Michelson inter-
ferometer. In the late 1970’s at least four groups were running prototype interferometers:
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a 30 m one in Garching [SSS+88], a 10 m one in Glasgow [NHK+86], one at the MIT
[LBD+86] and a 40 m one at Caltech [Spe86]. These prototypes were mainly used as test
facilities to develop techniques that would lead to a successful operation of a large scale
Michelson interferometer with arm lengths of 3 to 4 km.

In 1992 the funding of the LIGO Project [AAD+92] was approved. This project in-
volves two sites, Livingston, Louisiana and Hanford, Washington. At each site a 4 km
interferometer was set up and at the Hanford site an additional 2 km interferometer shares
the same vacuum system with the longer one. This project is now close to finish one year
of accumulated data taking at design sensitivity. In 1993 the VIRGO project was funded
[BFV+90]. This French-Italian collaboration has constructed a 3 km interferometer near
Pisa, which is close taking science data on a regular basis. The Glasgow and Garching
group started collaborating in 1989 and founded the GEO project. It was first planned
to build a GW detector in the Harz mountains with an arm length of 3 km [LMR+87].
However, this plan was discarded due to financial problems. In 1994 a smaller version,
GEO600, [HtL06] was proposed and its construction started in 1995. GEO600 is lo-
cated in Ruthe near Hannover in northern Germany. It uses an arm length of 600 m in
conjunction with advanced techniques to achieve a sensitivity comparable to that of the
larger LIGO detectors. The TAMA project is located near Tokyo in Japan and started
in 1995 [MtTc02]. It utilizes an arm length of 300 m. The schematic of three different
interferometer layouts that can be used for GW detection are presented in Figure 1.2.

The second generation of earth-based interferometric GW detectors is currently being
planned. It is planned to use laser powers of up to 200 W and to make use of signal
recycling or, in the case of Fabry-Perot cavities inside the interferometer arms, the closely
related technique of resonant sideband extraction. The mirror mass will be increased
to minimize radiation pressure effects in the low-frequency band. The LCGT project
[KtLC06] also considers using cryogenic coolers to lower the thermal noise [GC04].

The American second generation detector is called Advanced LIGO [Gia05, ADVa].
It will use the existing facilities in Hanford and Livingston. Inspired by the GEO600
monolithic suspensions, Advanced LIGO will upgrade to quadruple cascaded pendulum
suspensions to enlarge the detection band toward lower frequencies. The use of a high-
power laser, signal extraction and DC readout [Fri05] will enhance the shot noise limited
sensitivity. Overall it is planned to increase the sensitivity compared to initial LIGO by a
factor of 10. It is currently planned that Advanced LIGO will take data in 2010/2011. An
intermediate step towards Advanced LIGO is Enhanced LIGO [Adh05]. This upgrade of
the two initial 4 km GW detectors comprises DC readout and the use of higher laser powers
as well as some other modifications. The upgrade to Enhanced LIGO will commence in
September 2007.

The VIRGO Collaboration is currently planning its second generation detector Ad-

vanced VIRGO [ADVb]. It is planned that construction will start in 2011. A minor
upgrade of VIRGO to VIRGO+ [Pun05] is scheduled for 2008. This will include for
example an upgrade of the laser power and thermal compensation. The optical layout
remains unchanged.

The German-British GEO collaboration is aiming for an upgrade of GEO600 to a high
frequency detector called GEO-HF. It will use the current GEO600 infrastructure, such
as the vacuum system and optical layout. The circulating light power will be increased by
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Figure 1.3: Quantum noise limited strain sensitivities of a simple Michelson interferometer plotted
for two different circulating light powers (left) and for a squeezed-light-enhanced simple Michelson
interferometer (right). If the power is increased by a factor of 100, the shot noise drops and the
radiation pressure rises by a factor of 10. The identical result is obtained if a squeezed vacuum
with a squeezing strength of 20 dB is injected into the dark port of the interferometer. Only with
a proper preparation of the squeezed light can an improvement of the sensitivity over the full
bandwidth be achieved. The standard-quantum limit (SQL) for this gravitational wave detector
is given in both graphs as a reference (red line).

a factor of 10. To reduce the limiting coating thermal noise, a change of the main optics
and the corresponding coatings could be inevitable. Utilizing squeezed light to further
reduce the shot noise is also being considered. This would require a filter cavity to
compensate the rotation of the squeezing ellipse induced by the reflection at the detuned
signal-recycling cavity.

LCGT [KtLC06] is a proposed cryogenic next generation GW detector in Japan with
super-attenuator suspensions and a laser with 300 W output power. Its 100 m prototype
CLIO [MUY+04] is currently set up to demonstrate most of the techniques needed for
LCGT.

Currently, the European gravitational wave community is writing a proposal for a
design study of a European third generation detector called ET, the Einstein gravitational
wave telescope, which will be at least a factor of 10 more sensitive than Advanced LIGO
and Advanced VIRGO. The aimed peak sensitivity is h̊ = 2 × 10−25m/

√
Hz.

The space based GW detector LISA [LIS, LIS05] is a combined ESA/NASA project
and uses three space crafts in a triangular configuration separated by a distance of five
million kilometers. It will measure GWs in the frequency band of 10−4– 10−1 Hz. The
current schedule predicts the launch of LISA for the year 2017/2018. The LISA technology
demonstration mission LISA Pathfinder [AAB+05] is planned to be launched in late 2009.

The future of laser interferometric gravitational wave detection is very promising.
The earth-based detector sensitivities are constantly being improved and space-based
detectors will open up new opportunities for GW astronomy.
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Figure 1.4: Schematic of the layout of a simple Michelson interferometer based GW detector.
The left figure shows how the vacuum noise enters through the dark port while the right figure
displays how this vacuum can be replaced with squeezed vacuum using a Faraday rotator.

1.4 Noise sources in interferometric gravitational wave

detectors

The main noise sources of a laser interferometer based GW detector are [AD05]:

Seismic noise is any kind of ground motion that may displace the test masses. This
displacement cannot be distinguished from a signal caused by a GW. Therefore, it is
essential to decouple the test masses of the interferometer from the ground. This is
achieved with the aid of diverse active and passive seismic isolation systems. The test
masses in current GW detectors are suspended with multiple-cascaded pendulum stages.
Each pendulum stage suppresses the movement of the test mass proportional to (1/f)2

above its eigenfrequency f0, thus acting as a low-pass filter for seismic noise. More details
on the suspension system of the GW detector GEO600 can be found in [Goß04].

Thermal noise can be separated into different sources [RHC05, BGV99]; the three
largest for optical substrates are coating thermal noise [CCF+04], substrate thermal noise
[LT00], and thermorefractive noise [BV01]. The first two result in a displacement of the
mirror surface, whereas the thermorefractive noise causes fluctuations in the index of
refraction and is therefore important for transmissive optics, such as the beam splitter.
Thermal noise also arises from the test-mass suspensions, including the violin modes of
the suspension filaments themselves. All of these thermal noises can mask potential GW
signals. To avoid this noise deteriorating the GW detection band, materials with a high Q
factor are used. These have sharp resonance peaks at their eigenfrequencies concentrating
the thermally driven motion within a narrow Fourier-frequency band. It is required to
design the suspensions and test masses in a way that all resonances are well outside the
detection band. However, thermal noise is expected to set a limit to the sensitivity of
next generation GW detectors in the most sensitive frequency band. To further reduce
thermal noise the test masses can be cooled to cryogenic temperatures. Currently, the
Japanese project LCGT [KtLC06] plans to use cryogenic techniques.

Shot noise and radiation pressure noise are both quantum noises that originate from
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vacuum noise entering the interferometer through the dark port (see Figure 1.4). These
vacuum fluctuations travel through the interferometer, interact with the test masses and
are back-reflected towards the photodetector at the dark port. The shot noise contribution
to the linear spectral density of the gravitational wave strain amplitude is given by [Sau94]

h̊s.n.(f) =
1

L

√
~cλ

2πP
(1.6)

for an interferometer with the arm length L, using a laser wavelength of λ and a total
power P inside the interferometer. h̊s.n. is independent of frequency f . The only param-
eters influencing h̊s.n. are the length of the interferometer and the laser power inside. An
increase in one of these parameters results in a reduced shot noise contribution to the
strain sensitivity. This behavior of the shot noise is displayed in Figure 1.3.

Radiation pressure noise originates from the amplitude fluctuations of the vacuum
noise. These fluctuations enter the interferometer through the dark port and lead to
a fluctuation of the position of the test masses [BC02]. The contribution from radia-
tion pressure noise to the linear noise spectral density of the gravitational wave strain
amplitude, for a simple Michelson interferometer, is given by

h̊r.p.(f) =
1

mf2L

√
~P

2π3cλ
(1.7)

for a given test mass m. In contrast to the frequency independent shot noise contribu-
tion, radiation pressure noise falls off as 1/f2 slope. Also, the radiation pressure noise
contribution rises proportional to

√
P . This behavior of the radiation pressure noise is

presented in Figure 1.3. This figure shows the quantum noise limited sensitivity of a sim-
ple Michelson interferometer for a circulating light power of P = 7 kW and P = 700 kW.
The increased power results in a reduced shot noise contribution whereas the radiation
pressure is increased. Due to the different power scaling a compromise regarding the light
power is required to achieve acceptably small contributions from both shot noise and ra-
diation pressure noise. Increasing the mirror test mass can also compensate the rising
radiation pressure. In current GW detectors the radiation pressure noise is smaller than
the contribution from seismic noise. Nonetheless, radiation pressure noise is expected to
limit the sensitivity of Advanced LIGO at lower frequencies.

1.5 Advanced techniques to enhance the quantum noise limited

sensitivity of a gravitational wave detector

In the past, diverse advanced techniques and changes in the optical layout have been de-
veloped to enhance the sensitivity of a Michelson interferometer based GW detector. The
technique of power recycling [DHK+83] is used in all current GW detectors to enhance
the light power inside the interferometer, thereby lowering the shot noise contribution.
Power recycling uses an additional mirror, the power-recycling mirror, that is placed be-
tween the laser and the interferometer’s beam splitter. Due to the fact that GW detectors
are stabilized to the dark fringe condition, all the light leaving the interferometer prop-
agates back to the laser. The power-recycling mirror re-uses this otherwise lost light by

8



1.5 Adv. techniques to enhance the quantum noise limited sensitivity of a GW detector

PRM

Nd:YAG

 LASER

Photodetector

600m

6
0

0
m

SRM

Vacuum noise

10
−1

10
0

10
1

10
2

10
3

10
410

−23

10
−22

10
−21

10
−20

Frequency  [Hz]

Li
ne

ar
 n

oi
se

 s
pe

ct
ra

l d
en

si
ty

  [
1/

√H
z]

 GEO600 design P=7kW
 SQL

Figure 1.5: Schematic of the optical layout of GEO600 (left) and its quantum noise limited
sensitivity, simulated with the design parameters (right). The SQL for GEO600 is represented
by the red line.

reflecting it back into the interferometer. It forms a cavity, the so-called power-recycling
cavity, together with the interferometer, which acts as a compound mirror. This leads to
a resonant enhancement of the light power inside the interferometer. It is also possible to
use Fabry-Perot cavities inside the interferometer arms to increase the light power. LIGO
as well as VIRGO use the combination of power recycling and Fabry-Perot cavities in the
arms to lower the shot noise of the detector.

Another advanced technique is signal recycling [Mee88]. Signal recycling uses a mirror
between the photodetector in the dark port and the beam splitter of the interferometer.
This so-called signal-recycling mirror reflects the GW induced signal sidebands, which
would otherwise leave the interferometer through the dark port, back into the interfer-
ometer. The repeated interaction with the GW at the end mirror test masses enhances
the signal sidebands. In contrast to the power-recycling cavity the signal-recycling cavity
is normally slightly detuned with respect to the carrier frequency and is resonant for a
specific signal-sideband frequency. GEO600 is the only GW detector that uses dual re-

cycling, which is the combination of power and signal recycling, to enhance its sensitivity
in the shot noise limited frequency range. Figure 1.5 shows a schematic of the layout
of GEO600 alongside the quantum noise limited design sensitivity for a circulating light
power of 7 kW. Due to the use of detuned signal recycling the best sensitivity is achieved
around 350 Hz.

This thesis focuses on a third method to enhance the quantum noise limited sensitivity
of a GW detector. This method was first suggested by Caves in 1981, who proposed
an increased sensitivity of an interferometer using squeezed states of light. The idea
is to replace the vacuum fluctuations, which enter the interferometer through the dark
port, with a squeezed vacuum to lower the noise contributions in the variable of interest.
Figure 1.4 shows that a Faraday rotator is used for the injection of the squeezed field
into the dark port of the interferometer. The squeezed field propagates through the
interferometer, leaves the interferometer through the dark port, and is eventually detected
together with the GW signal by the photodetector.

The Heisenberg uncertainty principle (HUP) allows even for a minimum uncertainty
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X2

X1

X2

X1

Figure 1.6: Representation of a vacuum (left) and a squeezed vacuum state (right) in quadrature
phase space. The noise is equally distributed between the amplitude and phase quadrature in
the case of the vacuum state. This changes for a squeezed vacuum state, where the noise in
the amplitude quadrature is enlarged and the noise in the phase quadrature is squeezed when
compared to the vacuum state. The area of the variance of the distribution is the same for both
cases.

state [WM94] to shift the uncertainty between the two noncommuting Hermitian vari-
ables from one into the other. In a squeezed light or a squeezed vacuum field the noise
distribution is not equally distributed between the two variables as it is in the vacuum
state; noise from one variable is relocated into the noncommuting variable in a squeezed
vacuum state. A comparison between the vacuum state and a squeezed vacuum state in
quadrature phase space is displayed in Figure 1.6. The vacuum state is a minimum un-
certainty state with a symmetric 2-D Gaussian distribution. The dashed circle represents
the variance of this distribution. In the case of a squeezed vacuum state the noise in one
quadrature, here the phase quadrature, is reduced, whereas the noise in the perpendicular
quadrature is enhanced such that the area defined by the dashed circle is conserved, due
to HUP. In the case of a Michelson interferometer, a phase quadrature squeezed field is
needed to enhance the signal-to-noise ratio in the shot noise limited regime. Figure 1.3
presents the resulting sensitivity if a squeezed field, whose noise in the phase quadrature
is reduced by 20 dB, is injected into the dark port of the interferometer. The result is
the same as if the power of the laser had been increased by a factor of 100. With proper
preparation of the squeezed state [KLM+01] a reduction of the radiation pressure noise
can also be achieved. Hence, an improvement of the sensitivity by a factor of 10 over
the whole frequency range can be achieved. Chapter 4 shows that more complex optical
layouts and advanced interferometer techniques, such as detuned signal recycling, require
a more complex preparation of the injected squeezed field.

The first demonstration of squeezed states was achieved by Slusher et al. in 1985
[SHY+85]. The squeezing in this experiment was produced by four-wave mixing. Today
the most prominent source is optical parametric amplification (OPA), which was used as
a source for squeezed light throughout this thesis. Since the first generation of squeezed
light this research area has evolved and is now at a state at which squeezing becomes a
tool for various applications, including GW detection.
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1.6 Structure of the thesis

The aim of this thesis is to demonstrate the compatibility of squeezed light with advanced
interferometer techniques for GW detection. The structure follows a logical order to
provide the understanding of the basic principles of squeezing before the individual steps,
necessary for the enhancement of a future GW detector, are presented in detail.

Chapter 2 provides an overview of the quantum nature of light. Various detection
schemes are illustrated as well as a new approach to understand squeezing in the sideband
picture. This chapter closes with some calculations of squeezing concerning various loss
mechanisms and efficiencies of the components required to generate and detect squeezing.

A typical experiment for the generation and detection of squeezed light is presented in
Chapter 3. It comprises all the required elements such as laser, second harmonic generator
(SHG), OPA and homodyne detector. The theory behind the second harmonic generation
and optical parametric amplification is explained and some measured squeezing spectra
are presented.

Chapter 4 will focus on the generation and characterization of frequency-dependent
squeezed light. This is needed for the application of squeezed light in GW detection.
GEO600 uses—and future detectors will use—detuned signal-recycling cavities. Hence,
the effects on the squeezed field reflected at such a detuned cavity, thereby becoming
frequency-dependent, have to be understood beforehand. This chapter includes the the-
oretical description of frequency-dependent squeezed states of light. These will be char-
acterized by their spectra as well as by their reconstructed Wigner functions, which have
been obtained by tomography.

In Chapter 5 the first experimental demonstration of a squeezed-light enhanced dual-
recycled Michelson interferometer will be explained in detail. This experiment uses a filter
cavity to prepare the squeezed light, which is to be reflected from the detuned Michelson
interferometer, in such a way that frequency dependence is compensated. Hence, the
resulting squeezing enhanced signal-to-noise ratio is improved across the whole frequency
range of interest. Special attention will be given to the locking scheme of the dual-recycled
Michelson interferometer.

To cover all topics needed to enhance a current or future GW detector via squeezed
light, an experiment to generate squeezed light at frequencies inside the detection band
of earth-based GW detectors is described in Chapter 6.

The topic of Chapter 7 is the future application of squeezed light in the next generation
detector GEO-HF. Following the proposed increase in laser power, further improvements
in the sensitivity by using squeezed-light injection is simulated and compared to the
design sensitivity of GEO600. This includes the calculation of parameters for different
filter cavity designs and considerations about the implementation of such a filter cavity
into the current vacuum system.
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Chapter 2

Quantum nature of light

Introduction

This chapter focuses on the quantum properties and aspects of light. The mathematical
tools from quantum mechanics will be used to describe light fields or states in quadrature
space. In addition to coherent states, which describe a classical laser beam, the Heisen-
berg uncertainty principle allows another class of quantum states; the so-called squeezed
states of light. Part of the topic of this thesis is the detailed analysis of such squeezed
states. In the following different physical pictures are introduced to facilitate an intuitive
understanding of squeezed light. In this chapter the reader is introduced to theoretical
concepts and their application in the laboratory. The section detection schemes com-
prises an explanation of how spectral analysis is done and shot noise can be analyzed.
This knowledge is essential in the section calculation of the squeezing, where different loss
effects are taken into account and their effects to the squeezing are analyzed.

2.1 The quantization of the electric field

In general, the properties and behavior of light propagating in free space is described by
Maxwell’s equations. From these one can derive [WM94] the electromagnetic field as a
function of position r and time t

E(r, t) = i
∑

j

(
~ω

2ε0

) 1
2 [
ajuj(r)e−iωjt − a∗ju

∗
j (r)e+iωjt

]
. (2.1)

Here uj are the mode functions which contain polarization and spatial phase information,
~ is Planck’s constant, ω is the angular frequency, ǫ0 is the electric permittivity of the
vacuum, and j is the index of the mode. The normalization factor has been chosen such
that the complex amplitudes aj and a∗j are dimensionless. In the classical electromagnetic
theory these Fourier amplitudes are complex numbers. The quantization is done via a
canonical quantization which changes the complex amplitudes to the mutually adjoint
operators âj and â†j . Due to the bosonic character of photons, the operators âj and â†j

13



Chapter 2 Quantum nature of light

follow the bosonic commutation relations

[âj , âj′ ] = 0

[â†j , â
†
j′ ] = 0

[âj , â
†
j′ ] = δjj′ .

(2.2)

The quantization transforms the electric field to become an ensemble of individual and
independent harmonic oscillators with frequency ωj obeying the above commutation rela-
tions. Each of these oscillators describes the dynamical behavior of one individual mode
independently of the other modes. The quantum state of each mode can be described by
a state vector |ψ 〉j of the Hilbert space corresponding to the mode j. The state of the
entire field is then defined in the tensor product space of the Hilbert spaces for all the
modes.

The classical Hamiltonian for the electromagnetic field in Equation 2.1 is given by

H =
1

2

∫ (
ε0E +

B2

µ0

)
dV , (2.3)

where B is the magnetic field vector, and ε0 and µ0 are the electrical permittivity and
the magnetic permeability of the vacuum, respectively.

Using the canonical quantization of H and the boundary conditions of the mode
functions uj together with Equation 2.1 and the equivalent expression for B the quantized
Hamilton operator is given by

Ĥ =
∑

j

~ωj

(
â†j âj + 1

2

)
. (2.4)

This Hamiltonian represents the number of photons in each mode j multiplied by the ac-
cording photon energy ~ωj . The additional energy 1

2
~ωj represents the zero-point energy

of the harmonic oscillator. In the following different representations of the electromag-
netic field will be considered.

2.2 Fock states

The eigenvalues of the Hamiltonian given in Equation 2.4 are ~ωj(nj + 1
2
), where nj is

a positive integer number nj ∈ N. The corresponding eigenstates |nj 〉 are known as

number or Fock states. They are eigenstates of the number operator n̂j = â†j âj so that
[WM94]

n̂j |nj 〉 = nj |nj 〉 . (2.5)

The vacuum state, which is the ground state of the harmonic oscillator, is defined by

n̂j | 0 〉 = 0 . (2.6)

Combined with Equation 2.4 this results in the ground state energy

〈 0 |Ĥ| 0 〉 =
1

2

∑

j

~ωj . (2.7)
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2.3 Coherent states

Each oscillator at frequency j has a non-zero energy, which gives rise to the vacuum
fluctuations as will be shown in Section 2.5 . This non vanishing zero-point energy results
in the fact, that the energy of the vacuum state is infinite, which is a conceptual difficulty
of quantum field theory. However, since experiments measure only changes in the total
energy of the electromagnetic field the infinite zero-point energy does not lead to any
divergence.

The raising and lowering operators â†j and âj of the harmonic oscillator describe the
creation and annihilation of photons. Application of these operators to number states
yields:

âj |nj 〉 =
√
nj |nj − 1 〉

〈nj | â†j = 〈nj + 1 |
√
nj + 1 .

(2.8)

Hence, they are referred to as annihilation and creation operators.

All higher exited states can be obtained by a successive application of the creation
operator to the vacuum state successively

〈nj | = 〈 0 |
(â†j)

nj

√
nj !

, nj = 0, 1, 2, . . . . (2.9)

The number states are orthogonal

〈nj |mj 〉 = δnm (2.10)

and complete
∞∑

nj=0

|nj 〉〈nj | = 1 . (2.11)

The eigenstates |nj 〉 form a complete set of basis vectors for a Hilbert space.

The number states are particulary useful in e.g. high energy physics where the number
of photons is small. In most optical fields the number of photons is high and thus, the
fields are either a superposition or a mixture of number states.

2.3 Coherent states

Laser light, as commonly used in quantum optics experiments, are represented by coherent
states |α 〉, where α is a complex number. In contrast to the number states, where the
photon number is know accurately but the phase remains unknown, knowledge about both
the amplitude and phase of a coherent state can be obtained. However, the Heisenberg
uncertainty principle (HUP) puts an upper bound on the accuracy of this knowledge.

The generation of a coherent state is described by the displacement operator D̂(α)
[Whi97] acting on the vacuum state

|αj 〉 = D̂(αj)| 0j 〉 , (2.12)
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with

D̂(αj) = eαj â
†
j−α

∗
j âj , (2.13)

where αj is an arbitrary complex number. Coherent states are eigenstates of the annihi-

lation and creation operators âj and â†j

âj |αj 〉 = αj |αj 〉

〈αj |â†j = 〈αj |α∗
j .

(2.14)

Thereby, illustrating that the naming convention of these operators is very poor with
respect to coherent states as they neither annihilate nor create coherent states.

An operator Ô is Hermitian if Ô = Ô†. This requires its eigenvalues to be real. Since
the annihilation and creation operators are non-Hermitian their eigenvalues αj and α∗

j

are complex.

Coherent states can be expressed in terms of number states as

|αj 〉 = e
−|αj |

2

2

∞∑

nj=0

α
nj

j√
nj !

|nj 〉 . (2.15)

Note that the frequency index j is kept to see that in a freely propagating field, which
does not carry any classical noise or technical noise, every mode j is still a coherent state
that carries quantum noise. This feature is discussed in more detail when the sideband
picture is introduced (Figure 2.10).

The mean value of the photon number nj of the coherent state |αj 〉 is given by [Whi97]

nj ≡ 〈nj 〉 = 〈αj |nj |αj 〉

= 〈αj |â†j âj |αj 〉

= 〈αj |α∗
jαj |αj 〉

= |αj |2 〈αj |αj 〉

= |αj |2 .

(2.16)

The probability distribution of the photons in the coherent state is Poissonian:

P (nj) = |〈nj |αj 〉|2 = e−〈nj 〉
〈nj 〉nj

nj !
. (2.17)

By definition, the values for the mean and the variance are identical for a Poissonian
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distribution. The variance of a quantum observable Ô of a state |ψ 〉 is given by

V(Ô)ψ = 〈∆Ô 〉2ψ

= 〈ψ |
(
Ô − 〈 Ô 〉ψ

)2
|ψ 〉

= 〈ψ |
(
Ô2 − 2〈 Ô 〉ψÔ + 〈 Ô 〉2ψ

)
|ψ 〉

= 〈ψ |Ô2|ψ 〉 − 〈ψ |2〈 Ô 〉ψÔ|ψ 〉 + 〈ψ |〈 Ô 〉2ψ|ψ 〉

= 〈 Ô2 〉ψ − 2〈 Ô 〉ψ〈 Ô 〉ψ + 〈 Ô 〉2ψ

= 〈 Ô2 〉ψ − 〈 Ô 〉2ψ ,

(2.18)

where 〈 Ô 〉ψ = 〈ψ |Ô|ψ 〉 and 〈 Ô2 〉ψ = 〈ψ |Ô2|ψ 〉. The positive square root of the
variance is known as the uncertainty (or standard deviation)

(∆Ô)ψ =
√
〈 Ô2 〉ψ − 〈 Ô 〉2ψ . (2.19)

Now the variance of the photon number of a coherent state |α 〉 can be derived:

V(n̂j)αj
= 〈αj |n̂2

j |αj 〉 − 〈αj |n̂j |αj 〉2

= 〈αj |
(
â†j âj

)2
|αj 〉 − 〈αj |â†j âj |αj 〉2

= 〈αj |â†j âj â
†
j âj |αj 〉 − |αj |4

= 〈αj |â†j âj |αj 〉 + 〈αj |â†j â
†
j âj âj |αj 〉 − |αj |4

= |αj |2 + |αj |4 − |αj |4

= nj ,

(2.20)

which proves that for a Poissonian distribution the variance equals the mean. For the
vacuum state | 0 〉, we also find

nj = 〈 0 |n̂j | 0 〉 = 0 (2.21)

V(n̂j)0 = 〈 0 |n̂2
j | 0 〉 − 〈 0 |n̂j | 0 〉2 = 0 . (2.22)

Thus, one can be sure that the vacuum state does not contain a photon.

2.4 Quadrature operators

The description of an electromagnetic field, as given in Equation 2.1, can be rewritten
for a field with a certain frequency [BR03] as

E(r, t) = E0

[
a(r)e−iωt − a(r)∗e+iωt

]
p(r) . (2.23)
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Chapter 2 Quantum nature of light

The complex amplitude a(r) = a0(r)eiφ(r) contains the phase information of the wave-
front as well as the absolute phase with respect to a reference wave. Because the wavefront
is only interesting for phenomena like interference and diffraction, it is useful to have a
description which only contains the absolute phase. An equivalent form of Equation 2.23
can be expressed as

E(r, t) = E0 [X1 cos (ωt) −X2 sin (ωt)] p(r,t) . (2.24)

Here p(r,t) is the polarization vector and X1 and X2 are the quadrature amplitudes,
which are proportional to the complex amplitude

X1(r) = a∗(r) + a(r)

X2(r) = i [a∗(r) − a(r)] .
(2.25)

The absolute phase is then given by

φ = tan−1

(
X2

X1

)
. (2.26)

If the above considerations are applied to the quantized form of the electromagnetic
field, the quadrature operators

X̂1 = â† + â

X̂2 = i
(
â† − â

) (2.27)

are found. Namely, these are the amplitude quadrature operator X̂1 and the phase
quadrature operator X̂2. Any quadrature between the amplitude and phase quadrature
can be defined by

X̂θ = X̂1 cos(θ) + X̂2 sin(θ)

= â†eiθ + âe−iθ
(2.28)

with the quadrature angle θ.

2.5 The Heisenberg uncertainty principle

For two noncommuting Hermitian operators P̂ and Q̂ one cannot simultaneously mea-
sure their physical quantities P and Q with arbitrary precision. This is known as the
Heisenberg uncertainty principle [Hei27]:

∆P̂∆Q̂ ≥ 1

2
| 〈 [P̂ , Q̂] 〉 | . (2.29)

From Equation 2.29 it is clear that the smaller the uncertainty in the observable P̂ the
greater the uncertainty in the observable Q̂.
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The commutator for the quadrature operators is given by

[
X̂1, X̂2

]
= 2i . (2.30)

In conjunction with | [X̂1, X̂2] | = 2 the uncertainty relation for the quadrature operators
follows

∆X̂1∆X̂2 ≥ 1 . (2.31)

When considering a vacuum state and its variance of the amplitude and phase quadrature
we could naively expect to find zero for the quadrature variances as it is the case for
the uncertainty and number of photons. However, the Heisenberg uncertainty principle
forbids this. The variance of the amplitude quadrature of the vacuum state is given by
[Whi97]

V(X̂1)0 = 〈∆X̂1 〉20

= 〈 0 |∆X̂2
1 | 0 〉

= 〈 0 |X̂2
1 | 0 〉 − 〈 0 |X̂1| 0 〉2

= 〈 0 |
(
â+ â†

)2
| 0 〉 − 〈 0 |

(
â+ â†

)
| 0 〉2

= 〈 0 |â2 + ââ† + â†â+ â†2| 0 〉 − 0

= 0 + 〈 0 |(1 + â†â)| 0 〉 + 0 + 0

= 1

〈∆X̂1 〉0 = 1 .

(2.32)

And similarly for its phase quadrature:

V(X̂2)0 = 1

〈∆X̂2 〉0 = 1 .
(2.33)

The index 0 stands for the state of interest, in this case the vacuum state | 0 〉. As a result
we find that the vacuum state is noisy. This noise arises due to the zero-point energy of
1
2
~ω of the quantum harmonic oscillator at each frequency (mode) of the electromagnetic

field. Throughout this thesis the noise level of the vacuum state is referred to as vacuum
noise or shot noise.

It is of particular interest to compare the uncertainty of a coherent state to the uncer-
tainty of a vacuum state. The variance of the amplitude quadrature of a coherent state
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is

V(X̂1)α = 〈∆X̂1 〉2α

= 〈α |∆X̂2
1 |α 〉

= 〈α |X̂2
1 |α 〉 − 〈α |X̂1|α 〉2

= 〈α |
(
â+ â†

)2
|α 〉 − 〈α |

(
â+ â†

)
|α 〉2 (2.34)

= 〈α |â2 + ââ† + â†â+ â†2|α 〉 −
(
〈α |â|α 〉 + 〈α |â†|α 〉

)2

= 〈α |â2|α 〉 + 〈α |
(
1 + â†â

)
|α 〉 + 〈α |â†â|α 〉 + 〈α |â†2|α 〉 − (α+ α∗)2

= α2 + 1 + |α |2 + |α |2 + α∗2 −
(
α2 + 2|α |2 + α∗2

)

= 1 ,

and similarly for the phase quadrature:

V(X̂2)α = 1 . (2.35)

This is exactly the same results as for the vacuum state. Both—the coherent states and
the vacuum state—fulfill the special case of the Heisenberg uncertainty principle

〈∆X̂1 〉α〈∆X̂2 〉α = 1 . (2.36)

All states satisfying this equation are known as minimum uncertainty states.

2.6 Squeezed states

Squeezed states are a special class of minimum uncertainty states. Even though squeezed
states obey Equation 2.36 the uncertainty is not equally distributed among the two
quadratures. In fact the uncertainty of one quadrature is reduced at the expense of
the other.

Any of the quadratures defined by Equation 2.28 can be smaller than vacuum noise. In
this case the quadrature is squeezed while it’s complementary quadrature is anti-squeezed.

There exist two types of minimum uncertainty squeezed states which obey Equa-
tion 2.36: The squeezed vacuum state and bright squeezed states. Mathematically speak-
ing, a squeezed vacuum state is generated by applying the squeezing operator Ŝ(r, θ)
[WM94]

Ŝ(r, θ) = exp

(
1

2
re−2iθâ2 − 1

2
re2iθâ†2

)
(2.37)

to the vacuum state | 0 〉, resulting in

| 0, r, θ 〉 = Ŝ(r, θ)| 0 〉 . (2.38)
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Figure 2.1: A bright squeezed state in the quantum phasor picture (see Section 2.7). ❶ shows

the bright squeezed state with its variances measured in the X̂1, X̂2 coordinate system. ❷ shows
the same state, but the measurement of the variances is done in a new coordinate system Ŷ1, Ŷ2

which is co-aligned with the coherent amplitude to measure the maximum amount of squeezing
and anti-squeezing.

A bright squeezed state is, however, defined by

|α, r, θ 〉 = D̂(α)Ŝ(r, θ)| 0 〉 , (2.39)

where D̂(α) = eαâ
†−α∗â is the displacement operator, r is the the squeezing factor and

θ is the quadrature angle of the squeezing: θ = 0 corresponds to amplitude squeezing
and θ = π/2 to phase squeezing. It is worth mentioning that a bright squeezed state is
generated by first squeezing the vacuum and then displacing it. In Figure 2.1 we see an
arbitrary bright squeezed state in the quadrature space. We can define new quadrature
operators Ŷ1 and Ŷ2 [Whi97], which are rotated with respect to the amplitude and phase
quadrature. These define a rotated complex amplitude β

β = αeiθ

=
1

2

(
〈 X̂1 〉 + i〈 X̂2 〉

)
eiθ

=
1

2

(
〈 Ŷ1 〉 + i〈 Ŷ2 〉

)
.

(2.40)

The squeezing operator attenuates one of the newly defined quadrature operators, whereas
the other one gets amplified by Ŝ(r, θ). The degree of amplification and attenuation is
given by the squeezing factor r. The uncertainties of the rotated quadratures of the
squeezed state are given by

〈∆Ŷ1 〉α,r = e+r

〈∆Ŷ2 〉α,r = e−r ,
(2.41)

which fulfill the minimum uncertainty relation provided in Equation 2.36.
If we calculate the photon number of a squeezed state, we find

〈 n̂ 〉α,r = |α |2 + sinh2 (r) , (2.42)
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Chapter 2 Quantum nature of light

which is slightly increased compared to the photon number of a coherent state. Interest-
ingly the squeezed vacuum state (α = 0) contains photons and therefore it contains more
energy than the vacuum state. This implies that it requires energy to alter the uncer-
tainty circle of the quantum noise limited states, regardless of whether they are vacuum
or coherent states.

2.7 The quantum phasor picture

It is always useful to have a certain picture to explain a complex physical situation. The
quantum phasor picture is such a picture for a quantum state of light. It is a mixture
of the classical phasor picture, known in classical physics for the electro-magnetic field,
and the quantum noise properties of light. Figure 2.2 displays how one can interpret
the quantum phasor picture [Lam98]. The large red arrow represents the classical steady
state field vector in the former complex plane

α = α eiθ. (2.43)

The small arrows attached to the end of the classical field vector represent the quantum
noise in the quadrature plane. Hence, these small arrows represent the uncertainty of the
quadrature operators. Each small arrow changes its length and its angle θqn from one
time step to the next time step because every time a different quantum state from an
ensemble is contributing. Thus, the quantum state given by the sum of the long (coherent)
arrow and the short (quantum) arrow does change in time. From Equations 2.32–2.35
we know that the variance of the quadrature operators for the vacuum state as well as
for the coherent states is equal to unity. This allows to represent the quantum noise by
a two dimensional Gaussian distribution with a variance of one, sitting on top of the
classical phasor that represents the coherent amplitude. The circle that is overlapping
the Gaussian noise represents the variance of the Gaussian distribution. Together they
form the quantum phasor picture. One should keep in mind that the quantum noise
distribution, decomposed of the small quantum arrows, evolves in time.

The quantum phasor picture has a frequency dependence such that it can be drawn
for every frequency ω > 0 (or mode j), representing the classical field amplitude and
the quantum noise of a field with that specific frequency ω. Figure 2.3 shows the repre-
sentation of four different quantum states of light in the quantum phasor picture. The
vacuum state is just a two dimensional Gaussian distribution in quadrature phase space,
its coherent amplitude is zero. The amplitude squeezed state is easily recognized by its
elliptical shape of the quantum noise. If the amplitude quadrature is squeezed the phase
quadrature must be anti-squeezed so that the squeezed state is in accordance with the
HUP (see Equation 2.41).

2.8 Linearization

In quantum optics the linearization of the operators facilitates a more intuitive inter-
pretation. The linearization leads to simpler mathematical expressions in the case of
bright beams, i.e. the amplitude is much larger than the fluctuations [Whi97]. Hence,
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Figure 2.2: Illustrative figure to explain the quantum phasor picture. The large red arrow in ❶
represents the classical steady state solution of the field vector in the quadrature phase space. Its
length is α and the angle to the amplitude quadrature axis is given by θ. The small arrows on top
of the classical phasor represent the quantum noise in the quadrature plane. Each of these arrows
represents quantum noise contributions from a different member of an ensemble of quantum states.
The quantum noise arrow does change its length and phase θqn indeterministically with time. The
distribution of the quantum noise arrows is Gaussian. They are replaced by a two-dimensional
Gaussian distribution in ❷. The dashed circle marks the variance of this distribution.
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Figure 2.3: The representation of four different quantum states of light in the quantum phasor
picture. Namely these are ❶ the vacuum state, ❷ a coherent state, ❸ an amplitude squeezed state
and ❹ a Fock state.
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we can decompose operators into two components, one is a complex-number representing
the steady state solution whereas the other is an operator which contains only the time
dependent fluctuations. For the annihilation and creation operators follows

â = α+ δâ

â† = α∗ + δâ† .
(2.44)

Here, α and α∗ are complex numbers corresponding to the steady state solution of the
field or the field amplitude. δâ and δâ† are the time-dependent fluctuations of the field.
It is worth noting that by definition 〈 δâ 〉 = 0, 〈 â 〉 = α, and respectively 〈 δâ† 〉 = 0,
〈 â† 〉 = α∗. In conjunction with Equation 2.27 one finds

δX̂1 = δâ† + δâ

δX̂2 = i(δâ† − δâ) .
(2.45)

This is the mathematical equivalent of the quantum noise distribution in the quantum
phasor picture described in the previous section.

To see the applicability of the linearized quadrature operators one should have a look
on the number operator

n̂ = â†â

= (α∗ + δâ†)(α+ δâ)

= |α |2 + α∗δâ+ αδâ† + δâ†δâ .

(2.46)

To obtain the linearized version of this equation, we have to neglect the higher order term
δâ†δâ. Using Equation 2.45 and choosing α to be real, we can write

n̂ = n+ δn̂

n̂ ≈ α2 + α δX̂1 ,
(2.47)

thereby applying the linearization. The resulting equation for the photon number operator
corresponds to the fact that the number of photons is proportional to the square of the
amplitude and the quantum noise scales linearly with the amplitude of the field (or linearly
to the square root of the power).

2.9 Detection schemes

The following section describes how light is detected and how its physical properties can
be accessed by using different detection schemes.

2.9.1 Direct detection

The simplest way of detecting light is a direct measurement using a semiconductor pho-
todiode (see Figure 2.4). The photodiode converts the intensity of the light into a pho-
tocurrent which is the same as to say that it converts the photons into electrons with a
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Figure 2.4: Three different detection schemes: ❶ shows an ideal (lossless) direct measurement

of the light field â. ❷ shows a realistic direct measurement of the light field â including losses l̂
which results in a new field b̂ which is a superposition of â and vacuum fluctuations v̂. ❸ shows
an ideal homodyne measurement of the incoming fields â and b̂ which are superimposed on the
beam splitter. The resulting fields ĉ and d̂ are detected with two photodiodes and the sum and
the difference of the photocurrents is evaluated.

certain quantum efficiency ηqe. This resulting photocurrent is proportional to the photon
number operator n̂ and can be derived directly from Equation 2.47

î(t) ∝ α2 + α(δâ† + δâ)

= α2 + α δX̂1,a(t) ,
(2.48)

where δX̂1,a are the fluctuations in the amplitude quadrature of the field â. The resulting
photocurrent contains a DC term α2—which is proportional to the intensity—and an AC
term which is scaled with the DC field amplitude. A measurement device which gives
only access to the DC term is often referred to as a power meter. It measures the average
photocurrent [BR03]

i(t) =
ne(t) e

∆t
=
ηqe P opt(t) e

~ω
, (2.49)

which is proportional to the average optical power P opt(t) of the light beam. Here ηqe

is the quantum efficiency of the photodiode, e is the electron charge, and ne(t)/∆t is
the rate of photons that reach the detector. The AC term of the detected photocurrent
is the more interesting part in quantum optics. If we perform a Fourier transform of
Equation 2.48, we find

î(ω) ∝ n̂(ω) = α2 + α δX̂1,a(ω) . (2.50)

The AC fluctuations δX̂1,a(ω) can be determined with a spectrum analyzer. From Equa-
tion 2.50 we learn that the measurement of the AC fluctuation is enhanced if one uses
higher powers.
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2.9.2 Shot noise

The quantity we are most interested in are the fluctuations of the photocurrent. To do a
quantitative analysis of these, we need the variance V(i(t)) which is given by [BR03]:

V(i(t)) = ∆

(
ne(t)e

∆t

)2

=
∆(ne(t))

2e2

∆t2
. (2.51)

Due to the fact that the counting statistics of the photons is a Poissonian distribution
the variance ∆(ne(t))

2 = ne = i∆t/e. For large numbers of electrons this results in a
Gaussian distribution in each counting interval. The variance is then given by

V(i(t)) =
i e

∆t
. (2.52)

We will investigate the spectrum of this variance throughout this thesis. The measurement
time ∆t is related to the measurement bandwidth B with the Shannon theorem 1/∆t =
2B [Sha49] which leads to

V (i(t)) = 2 i eB . (2.53)

This is the well known shot noise formula in electronics which also applies for photode-
tection. To transform this into a formula including the light power we have to use Equa-
tion 2.49 together with Equation 2.53 resulting in

V (i(t)) = 2 ηqeP opt
e2

~ω
B . (2.54)

2.9.3 Calculation of the shot noise level

In the previous section we have derived the variance of a photocurrent that is produced by
detecting a light field with a photodiode. In this section we discuss the detection scheme
in more detail and note considerations one should make when using a specific detection
device.

In Figure 2.5 we find a schematic of certain detection schemes that are normally used
in this thesis for measuring the noise of a light beam with a spectrum analyzer or a FFT
analyzer. We see that the optical field with the power Popt is detected with a photodiode
which has a quantum efficiency of ηqe. The resulting photocurrent ipd is transformed
by a transimpedance amplifier into a voltage Upd with a gain g [V/A]. Depending on
the measurement device used (spectrum analyzer or FFT analyzer) the power spectral
density of the power Ppd going through the 50 Ohm resistor or the linear spectral density
of Upd is measured respectively.

First we have to derive the relation between the power spectral density of the pho-
tocurrent ipd and the variance of the photocurrent V (ipd(t)), before we can calculate the
shot noise level measured with these devices for a given light field with an optical power
Popt. The power spectral density is defined by the covariance [Har06]

〈 ipd(t) · ipd(t+ τ) 〉 =

∫ ∞

0
df PSDipd

(f) · eiτf , (2.55)

26



2.9 Detection schemes
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Figure 2.5: Schematic of the detection schemes for measuring the fluctuations of a light field that
are used throughout this thesis. In ❶ a light field with the optical power Popt is detected with a
photodiode that has a quantum efficiency of ηqe. The resulting photocurrent ipd is transformed
by an transimpedance amplifier with a gain g to the corresponding voltage Upd. The spectrum
analyzer measures the power P = U2/z where z is the input impedance. The spectrum analyzer
output is a power spectral density (PSD) or a power spectrum (PS) of the measured power. ❷
shows the same detection scheme but utilizes a FFT analyzer. The difference to a spectrum
analyzer is that the FFT analyzer parses the voltage instead of the power. Its output is a linear
spectral density or linear spectrum of the measured voltage.

which changes for τ = 0 to

V (ipd(t)) =

∫ ∞

0
df PSDipd

(f) . (2.56)

Due to the fact that the quantum noise of a coherent state is white, the power spectral
density PSDipd

(f) is constant in frequency space. Thus simplifying Equation 2.56 to

V (ipd(t)) = PSDipd
·B , (2.57)

with the measurement bandwidth B. Combining Equations 2.53 and 2.56 we see the
power spectral density PSDipd

(f) of the photocurrent ipd is given by

PSDipd
(f) = 2ipd e . (2.58)

In general the linear spectral density is given by

LSDipd
(f) =

√
PSDipd

(f) . (2.59)

Hence, the shot noise level which is measured by the FFT analyzer (Stanford Research
SR785) in Figure 2.5 is given by

LSDUpd
(f) = LSDipd

(f) · g =
√

2ipd e · g (2.60)

=

√(
2 ηqeP opt

e2

~ω

)
· g

[
V√
Hz

]
, (2.61)
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using Equation 2.49 and the transimpedance gain factor g. Mostly the FFT analyzer
measures in dBV, in which the measured value is referenced to 1 V. The shot noise level
in this case is then calculated to be

LSDUpd
(f) = 20 × log10

(√(
2 ηqeP opt

e2

~ω

)
· g · 1

1 [V ]

) [
dBV√

Hz

]
. (2.62)

If one uses the FFT analyzer to measure a linear spectrum instead of the linear spectral
density, the bandwidth of the detection has to be taken into account. The linear spectrum
is then given by

LSUpd
(f) =

√(
2 ηqeP opt

e2

~ω
·B
)
· g [V] (2.63)

and the corresponding result for a measurement performed in dBV with a reference value
of 1 V is calculated to be

LSUpd
(f) = 20 × log10

(√(
2 ηqeP opt

e2

~ω
·B
)
· g · 1

1 [V ]

)
[dBV] . (2.64)

For the case that the measurement of the shot noise level is performed with a spectrum
analyzer (Rhode&Schwarz FSP3 or FSU3, Agilent 4395A) we need to know the variance

V (Ppd(t)) = V

(
U2

pd

z

)
= V

(
g2 i2pd

z

)
(2.65)

=
g4

z2
V
(
ipd(t)

2
)
. (2.66)

Together with V
(
ipd(t)

2
)

= 2V (ipd(t))
2 one can derive the linear spectral density (or

linear spectrum), measured by such a spectrum analyzer in analogy to the previously
derived linear spectral density for the FFT analyzer.

Overall one has to be very careful when calculating the shot noise level for a given light
power. Many factors are not included in the above calculation e.g. internal attenuators,
units of a voltage (Vrms,Vpk or Vpkpk), differences between calculated electrical gains
and measured electrical gains, different internal detector types and strategies of the used
analyzer, a voltage drop by a factor of two due to the 50 Ohm input impedance of the
spectrum analyzer etc.

2.9.4 Optical losses and detection efficiencies

A realistic detection including losses can be modelled with the help of a beam splitter
(see Figure 2.4). This device has a certain power reflectivity ε, two input and two output
ports. If the two input fields are â and b̂ then we determine the outgoing fields ĉ and d̂
with the help of the transfer matrix of the beam splitter. This transfer matrix can be
written as [BR03] (

ĉ

d̂

)
=

(√
1 − ε

√
ε

−√
ε

√
1 − ε

)(
â

b̂

)
. (2.67)
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This is a valid definition of a beam splitter as its determinant is equal to unity [KL66].
If we do a direct measurement including a detection efficiency ηdet = 1 − ε then we

can imagine that vacuum fluctuations are coupling in through the beam splitter (see
Figure 2.4, ❷). In this case the field â = α + δâ is superimposed with the vacuum field
v̂ = δv̂ and we find the resulting field b̂

b̂ =
√
ηdetâ+

√
1 − ηdetδv̂ . (2.68)

If we now detect this field, we find

b̂†b̂ =
(√

ηdet â
† +

√
1 − ηdet δv̂

†
)(√

ηdet â+
√

1 − ηdet δv̂
)

= ηdetâ
†â+

√
ηdet(1 − ηdet)

(
â†δv̂ + δv̂†â

)
+ (1 − ηdet) δv̂

†δv̂ .
(2.69)

Using Equation 2.50, α ∈ R and neglecting higher order terms we find

b̂†b̂ = |β |2 + βδX̂1,b (2.70)

= ηdet

(
α2 + α δX̂1,a

)
+
√
ηdet(1 − ηdet)

(
â†δv̂ + δv̂†â

)

︸ ︷︷ ︸
(2.71)

= (α+δâ†) δv̂+δv̂† (α+δâ)

=αδv̂+δâ†δv̂+αδv̂†+δv̂†δâ

=α δX̂1,v

= ηdet α
2 +

√
ηdet α

(√
ηdet δX̂1,a +

√
1 − ηdet δX̂1,v

)
, (2.72)

with β =
√
ηdet α and δX̂1,b =

√
ηdet δX̂1,a +

√
1 − ηdet δX̂1,v. The variance of δX̂1,b is

then given by

V(δX̂1,b) = (∆δX̂1,b)
2 = 〈 (

√
ηdet δX̂1,a +

√
1 − ηdet δX̂1,v)

2 〉
= 〈 ηdetδX̂

2
1,a 〉 + 〈 (1 − ηdet) δX̂

2
1,v 〉

+ 〈
√
ηdet(1 − ηdet)δX̂1,aδX̂1,v 〉︸ ︷︷ ︸

=0

+ 〈
√
ηdet(1 − ηdet)δX̂1,vδX̂1,a 〉︸ ︷︷ ︸

=0

= ηdetV(δX̂1,a) + (1 − ηdet)V(δX̂1,v) .

(2.73)

The mixed terms δX̂1,aδX̂1,v will average to zero as long as the two inputs are independent
of each other. Note that the detection efficiency ηdet in the above calculation can include
diverse types of losses, e.g. propagation loss due to the non perfect optics and also the
quantum efficiency of the photodiodes.

If the field â has a variance of V(δX̂1,a) = x [dB] then the resulting variance V(δX̂1,b)
is

V(δX̂1,b) = 10 × log10



ηdet 10
x [dB]

10 + (1 − ηdet)

=1︷ ︸︸ ︷
V(δX̂1,v)



 . (2.74)
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Figure 2.6: Resulting variance for different input variances and losses. The shot noise in red is
located at 0 dB. Squeezed variances are shown in blue and anti-squeezed variances are shown in
green. It is clearly visible that for increasing losses the variances get closer to the shot noise, but
the squeezed variance is more fragile, because the effect of the losses is much greater than for the
more robust anti-squeezed variance.

The evaluation of the variance over detection efficiency is explicitly shown in Figure 2.6.
It is clearly visible that for increasing losses the variances get closer to the shot noise,
but the squeezed variance is more fragile, because the effect of the losses is much greater
than for the more robust anti-squeezed variance. It is worth mentioning that the vacuum
state is not affected from the loss effect at all, attenuated vacuum stays vacuum.

2.9.5 Balanced homodyne detection

The disadvantage of detecting only amplitude fluctuations with a direct measurement
can be overcome with the method of homodyne detection. This allows the detection
of amplitude and phase fluctuations. As always when measuring phase fluctuations a
reference is needed. In the case of homodyne detection this is a reference light field which
is often referred to as local oscillator. There are different kinds of homodyne detection
setups, in the following we will concentrate on the balanced homodyne detection scheme.
This can be found in Figure 2.4 if the used beam splitter is a 50/50 beam splitter. This
is also the reason for naming this a balanced detection scheme, because the ingoing fields
â and b̂ are equally split into the ports ĉ and d̂.

ĉ =
1√
2
â+

1√
2
b̂

d̂ = − 1√
2
â+

1√
2
b̂ .

(2.75)
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We can decompose the incoming fields in classical excitations and fluctuations and write

â = α+ δâ

b̂ = β + δb̂ ,
(2.76)

where α and β are the mean values and δâ and δb̂ are the fluctuations of the fields â and
b̂. The intensities on the photodiodes are given by

ĉ†ĉ =
1

2

(
â† + b̂†

)(
â+ b̂

)
(2.77a)

and

d̂†d̂ =
1

2

(
−â† + b̂†

)(
−â+ b̂

)
. (2.77b)

We can now separate the relative phase between the two incoming fields from the complex
amplitude â = âo eiθ = αo eiθ + δâ eiθ of the local oscillator; note that αo is now real.
Together with the definition in Equation 2.28 and choosing β to be real the intensity can
be expressed by

ĉ†ĉ =
1

2

(
α e−iθ + δâ† e−iθ + β + δb̂†

)(
α eiθ + δâ eiθ + β + δb̂

)

=
1

2

[
α2

o + β2 + 2αoβ cos θ + αo

(
δX̂1,a + δX̂θ,b

)
(2.78a)

+β
(
δX̂−θ,a + δX̂1,b

)
+ δâ†δâ+ δâ†δb̂ e−iθ + δb̂†δâ eiθ + δb̂†δb̂

]

and

d̂†d̂ =
1

2

(
−α e−iθ − δâ† e−iθ + β + δb̂†

)(
−α eiθ − δâ eiθ + β + δb̂

)

=
1

2

[
α2

o + β2 − 2αoβ cos θ + αo

(
δX̂1,a − δX̂θ,b

)
(2.78b)

−β
(
δX̂−θ,a − δX̂1,b

)
+ δâ†δâ− δâ†δb̂ e−iθ − δb̂†δâ eiθ + δb̂†δb̂

]
.

By neglecting all higher order terms this can be approximated to

ĉ†ĉ ≈ 1

2

[
αo

2 + β2 + 2αoβ cos θ + αo

(
δX̂1,a + δX̂θ,b

)
+ β

(
δX̂−θ,a + δX̂1,b

)]
(2.79a)

d̂†d̂ ≈ 1

2

[
αo

2 + β2 − 2αoβ cos θ + αo

(
δX̂1,a − δX̂θ,b

)
− β

(
δX̂−θ,a − δX̂1,b

)]
. (2.79b)

The sum and difference photocurrents are given by

î+ ∝ ĉ†ĉ+ d̂†d̂ = αo
2 + β2 + αo δX̂1,a + β δX̂1,b (2.80a)

î− ∝ ĉ†ĉ− d̂†d̂ = 2αoβ cos θ + αo δX̂θ,b + β δX̂−θ,a . (2.80b)

This result is different compared with the one which can be found in literature today
[BR03]. The difference is, that in the sum and in the difference the fluctuations from

31



Chapter 2 Quantum nature of light

one input field are scaled with the coherent amplitude of the other input field. As a
consequence, even if αo ≫ β, the terms αo δX̂θ,b and β δX̂−θ,a can be of the same size

if δX̂θ,b corresponds to shot noise fluctuations and δX̂θ,a corresponds to large technical
noise. Nevertheless this is a remarkable result, because in the case that αo ≫ β and
αo δX̂θ,b ≫ β δX̂−θ,a the equation can be rewritten to the form that is found in the
literature

î+ ∝ ĉ†ĉ+ d̂†d̂ = αo
2 + αo δX̂1,a (2.81a)

î− ∝ ĉ†ĉ− d̂†d̂ = 2αoβ cos θ + αo δX̂θ,b . (2.81b)

Now the current î− contains only the fluctuations of the signal field b̂ that are scaled
with the local oscillator amplitude. The fluctuations from the local oscillator itself vanish
completely, meaning that even large technical noise on the local oscillator does not dete-
riorate the measurement, as long as αo δX̂θ,b ≫ β δX̂−θ,a is valid. We can now distinguish
between two different homodyne detection cases.

Difference between self-homodyne detection and homodyne detection with an
external local oscillator

The first case to be analyzed is called self-homodyne detection, which is shown in Fig-
ure 2.7. Here the signal field ŝ = σo + δŝ and the local oscillator field l̂ = λo + δl̂ form
the incoming field â = αo + δâ. The second incoming field b̂ = β + δb̂ is the vacuum field
v̂ = 0+δv̂. Due to the fact that we cannot measure a phase difference with respect to the
vacuum field, the self-homodyne measurement allows only the measurement in the am-
plitude quadrature. Using Equations 2.80a and 2.80b together with the definitions of the
incoming fields, we can derive the sum and difference photocurrents for the self-homodyne
case

î+ ∝ αo
2 + αo δX̂1,a (2.82a)

î− ∝ αo δX̂1,v . (2.82b)

We see that the self-homodyne detection scheme allows us to measure amplitude fluctu-
ations of the field â, which are scaled with the amplitude αo, by detecting the sum of
the photocurrents î+. The shot noise level, which is also scaled with the amplitude αo, is
given by the difference of the photocurrents î−. As a result the self-homodyne detection
scheme allows measurements of amplitude fluctuations relative to the shot noise level
with high precision.

The variances of î+ and î− are

V (̂i+) = α2
o 〈 δX̂2

1,a 〉 (2.83a)

V (̂i−) = α2
o 〈 δX̂2

1,v 〉 . (2.83b)

This is exactly what is measured by a spectrum analyzer, as we have seen in Section 2.9.3.
The variance of the shot noise is measured in the difference and the variance of the noise of
field â is measured in the sum. It is worth noting, that δX̂1,a can contain different types of
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Figure 2.7: Schematic of the two balanced homodyne detection schemes, self-homodyne detection
(left) and homodyne detection with an external local oscillator (right).

noise, which can typically be separated into two groups: shot noise δX̂1,asn and technical
noise δX̂1,atn . Because most technical noise strengths δX̂1,atn (e.g. amplitude noise, beam
jitter noise, phase noise, . . . ) depend linearly on the power of the field, whereas the
the shot noise strength δX̂1,asn does not change with increasing power, the photocurrent
shows a different behavior for these two noise sources. By measuring the linear spectral
density of the photocurrent with a spectrum analyzer (see Section 2.9.3), this noise gets
amplified depending on the used light power. Thereby the shot noise scales linearly but
technical noise scales quadratically with the light power in the measured data. In more
practical words, shot noise increases by 3 dB, whereas technical noise increases by 6 dB if
the light power is doubled.

The other possible case is the homodyne detection scheme with external local oscillator
mostly just called homodyne detection. Here the signal field is spatially separated from
the local oscillator field (see Figure 2.7). The signal field can be described by ŝ = σo + δŝ
and we find for the sum and difference current

î+ ∝ αo
2 + σo

2 + αo δX̂1,a + σo δX̂1,s (2.84a)

î− ∝ 2αoσo cos θ + αo δX̂θ,s + σo δX̂−θ,a . (2.84b)

Presuming that αo ≫ σo and αo δX̂θ,b ≫ σo δX̂−θ,a is valid, this can be simplified to

î+ ∝ αo
2 + αo δX̂1,a (2.85a)

î− ∝ 2αoσo cos θ + αo δX̂θ,s . (2.85b)

We see that the difference of the photocurrents allows us to measure the fluctuations
of the signal beam in every quadrature. The measured quadrature can be actuated by
changing the relative phase θ between the local oscillator and signal field. The DC term
of î− depends on θ, which enables a derivation of the actual phase θ. The fluctuations of
the signal field are scaled with the amplitude of the local oscillator field. To measure a
reference shot noise one has to replace the signal field with a vacuum field, by blocking
the signal input port of the homodyne beam splitter.
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If we calculate the variances of î+ and î− from Equation 2.84, we obtain

V (̂i+) = α2
o 〈 δX̂2

1,a 〉 + σ2
o 〈 δX̂2

1,s 〉 (2.86a)

V (̂i−) = α2
o 〈 δX̂2

θ,s 〉 + σ2
o 〈 δX̂2

−θ,a 〉 . (2.86b)

This represents the result one gets from a spectrum analyzer measurement. As long as we
analyze the noise characteristics of the signal beam in a regime, where the local oscillator
is shot noise limited and the coherent amplitude of the signal beam is small compared
to the local oscillator field strength, we can neglect the second terms. But if we want
to do these measurements in a frequency range where the laser and thereby the local
oscillator holds large technical noise (e.g. frequencies around the relaxation oscillation
and lower frequencies), we have to carefully choose the ratio of two coherent amplitudes.
The crucial factor is given by

(
σo
αo

)2 〈 δX̂2
−θ,a 〉

〈 δX̂2
θ,s 〉

≪ 1 . (2.87)

If we assume that the signal beam only holds shot noise, then 〈 δX̂2
θ,s 〉 = 1. Further

let us say that we have technical noise on the local oscillator beam which is a factor of
one hundred (20 dB) larger then the shot noise. If now the signal beam power is 1% of
the local oscillator power, the second term is also equal to unity. Thus the measured
noise level is increased by a factor of two, by amplifying the technical noise of the local
oscillator beam with the signals coherent amplitude. This can cause structures in the
normally white shot noise and the setup should be examined in detail for this effect if
one measures a non-white shot noise.

2.9.6 Homodyne mode mismatch

A homodyne detection is done by overlapping two optical fields on a beam splitter. How-
ever, in a real experiment the interference is not always perfect. The reasons for imperfect
interference are generally spatial mode mismatch or polarization mismatch. If one of the
beam shapes is slightly elliptical this can be described by a superposition of a TEM00 and
higher order modes. Due to the fact that TEMmn modes form an orthogonal basis only
the same spatial modes interfere with each other, meaning that a mode distortion leads to
a reduced detection efficiency. A measure for the interference of two fields is the visibility
V, which is given by scanning the relative phase of the two beams relative to each other
and measuring the fringe maximum and minimum intensities with a photodiode. The
visibility is then calculated as [Lam98]

V =
Imax − Imin

Imax + Imin
. (2.88)

The effect of a mode mismatch to a homodyne measurement can be modelled by lineariza-
tion of the operators. The result looks exactly like the beam splitter loss calculation in
Section 2.9.4, where the efficiency η is given by the square of the visibility

η = V2 . (2.89)
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Figure 2.8: Phasor representing the field given in Equation 2.90. On the left-hand side the phasor
rotates with frequency ω0 in the fixed coordinate system anti-clockwise, whereas in the rotating
frame (right) the phasor rotates together with the coordinate system, allowing a static display of
the electrical field vector. The coordinate axes in the rotating frame are rearranged in such a way
that the real axis points upwards to keep a right handed system in the sideband picture.

This makes the mode matching on the homodyne beam splitter of the local oscillator and
the signal field very essential, especially for measuring squeezed states. Theses states are
very fragile, meaning every loss has to be minimized otherwise every loss event transforms
the squeezed field more into a vacuum field (see also Figure 2.6).

2.10 Squeezing in the sideband picture

Before we can understand squeezing in the sideband picture, we need a general under-
standing of the sideband picture.

2.10.1 The classical sideband picture

The sideband picture is a good way to describe modulations of light fields. If we take for
example the electrical field at a certain position we find

E(t) = E0e
iω0t , (2.90)

where we omit the complex conjugate term for simplicity. This field can be displayed
in a complex plane as a vector with the length E0 and a phase ω0t. The vector rotates
anti-clockwise in time if the coordinate system is rigid. One can choose a coordinate
system that rotates with the same frequency ω0, so that one gets a stationary picture.
The choice of the rotating coordinate system is often referred to as rotating frame. If we
have more than one field with different frequencies then it is obvious that we can have
only one frequency for the rotating frame. In the case of light fields, the carrier frequency
ω0 is mostly chosen for the rotating frame. This kind of visualization of a field is called
a phasor diagram (see Figure 2.8). A more detailed introduction to the classical phasor
picture can be found in [Mal06]
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Figure 2.9: Amplitude modulated field from Equation 2.91 in the sideband picture for different
times within one modulation period. On the left-hand side we see the sideband picture repre-
sentation which corresponds to the right-hand side of Equation 2.91b. The two green sidebands
rotate at frequency Ω in opposite directions around the frequency axis, whereas the carrier field
in blue does not change in time. On the right-hand side we see the sum of the three (green and
blue) individual fields for the sideband frequency Ω as a red phasor. This corresponds more to
the right-hand side of Equation 2.91a spectrally filtered with a certain bandwidth such that only
the sideband frequency Ω remains. As one can see, the sum phasor alters its length periodically
in time due to the different orientations of the sidebands but the phase stays constant.

Now let us focus on an amplitude modulated field

Eam(t) = E0e
iω0t
(
1 +m cos(Ωt)

)
(2.91a)

= E0e
iω0t
(
1 +

m

2
e+iΩt +

m

2
e−iΩt

)
. (2.91b)

Here we see that an amplitude modulated field at frequency ω0 with modulation index
m can be separated into one carrier field with amplitude E0 at frequency ω0 and two
sidebands at frequencies ω0 ± Ω with amplitude E0

m
2 . In the rotating frame the carrier

is stationary but the sidebands at ω0 −Ω and ω0 + Ω rotate clockwise and anti-clockwise
with frequency Ω, respectively. This separation of one field into a carrier field and side-
band fields characterizes the sideband picture. Figure 2.9 is a graphical representation
of Equation 2.91. There we see a time evolution of the amplitude modulated field. On
the left-hand side we see the sideband picture representation which corresponds to the
right-hand side of Equation 2.91b. The two green sidebands rotate at frequency Ω in
opposite directions around the frequency axis. Whereas the carrier field in blue does not
change in time. On the right-hand side we see the sum of the three (green and blue)
individual fields for the sideband frequency Ω as a red phasor. This corresponds more to
the right-hand side of Equation 2.91a spectrally filtered with a certain bandwidth such
that only the sideband frequency Ω remains. As one can see, the sum phasor alters its
length periodically in time due to the different orientations of the sidebands but the phase
stays constant.
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Figure 2.10: Phase modulated field from Equation 2.92 in the sideband picture for different times
within one modulation period. On the left-hand side we see the sideband picture representation
which corresponds to the right-hand side of Equation 2.92c. The two green sidebands rotate at
frequency Ω in opposite directions around the frequency axis, whereas the carrier field in blue
does not change in time. On the right-hand side we see the sum of the three (green and blue)
individual fields for the sideband frequency Ω as a red phasor. This corresponds more to the
right-hand side of Equation 2.92a spectrally filtered with a certain bandwidth such that only the
sideband frequency Ω remains. As one can see, the sum phasor alters its phase periodically in
time due to the different orientations of the sidebands but the amplitude stays constant for small
modulation indices.

A phase modulation of the field in Equation 2.90 can be described by

Epm(t) = E0e
i(ω0t+m cos Ωt) (2.92a)

≈ E0e
iω0t (1 + im cos(Ωt)) (2.92b)

= E0e
iω0t
(
1 + i

m

2
e+iΩt + i

m

2
e−iΩt

)
, (2.92c)

where we used the approximation that our modulation index m is small compared to
unity, otherwise we would get a comb of sidebands at frequencies jΩ, j ∈ N. The
result of Equation 2.92c means that we can separate the phase modulated field into three
components again, a stationary carrier field at frequency ω0 with amplitude E0 and two
sidebands at frequencies ω0±Ω with amplitude iE0

m
2 which are directed along the complex

axis because of their complex amplitude. In Figure 2.10 we can see a time evolution of
this phase modulated field in the sideband picture and the sum of the fields in a phasor
diagram. This figure is the phase modulation equivalent to Figure 2.9 which has been
explained in the former paragraph.

2.10.2 Quantum noise in the sideband picture

In the previous section the classical sideband picture was presented. The question arises
how quantum fluctuations can be understood in this picture. In Section 2.7 we have
introduced the quantum phasor picture, where the fluctuations of a quantum state of light
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are visualized by a two dimensional Gaussian distribution and its variance is marked by a
dashed circle. The derivation of this distribution is done in Figure 2.2. There we see that if
the origin of this fluctuation is quantum noise and not technical noise, it can be visualized
by a small quantum arrow that changes its phase and length randomly within the two
dimensional distribution. Recalling that the quantum arrows in Figure 2.2 represents the
fluctuations δâ at a specific frequency ω and we generalize this in frequency space, we end
up with Figure 2.11, which shows among other things a time evolution of the quantum
noise in the sideband picture. Note, that the former real and imaginary axis ℜ and ℑ
are now replaced by the axis of the quadrature space X̂1 and X̂2. In this figure we see at
time t1 six little quantum phasors oriented in the quadrature plane and distributed along
the frequency axis. These quantum phasors individually evolve indeterministically in
time, meaning that their length changes with a Gaussian distribution with unity variance
and their phase changes randomly in time. In other words, at each frequency ω exists a
quantum mechanical oscillator in the ground state. As shown in Equations 2.32 and 2.33
each of these oscillators fluctuate in quadrature space with unity variance.

2.10.2.1 The quantum sideband picture

Figure 2.11 shows the transition of this quantum noise into the quantum sideband picture.
The quantum sideband picture is deduced from the classical sideband picture by looking
at the time average of each sideband. Due to the complete random behavior of each
sideband, the result is a two dimensional Gaussian distribution (shown in red) with a
variance of one, visualized by the red dashed circle. This quantum noise distribution
is then replacing the former quantum noise phasors at frequencies ±Ω. If we do this
procedure for all frequencies ±Ω, we have generated a quantum sideband picture for
quantum noise or vacuum noise.

2.10.2.2 Vacuum noise in the quantum sideband picture

The representation of vacuum noise in the quantum sideband picture is shown in Fig-
ure 2.12. On the left-hand side we have a quantum noise distribution at every sideband
frequency ±Ω and no coherent amplitude at frequency ω0. The time evolution within
one modulation period is shown which does not change due to the fact that the quantum
noise distribution already marks an average of the quantum noise phasors in time. In
the middle of the figure we see the time evolution of the sum of the two vacuum noise
distributions at frequency Ω which also does not change in time. This represents a mea-
surement of a vacuum state with arbitrary high time resolution, spectrally filtered with
a certain bandwidth so that only the sideband frequency Ω remains. Hence, the labels of
the axes change from the quadratures to the measured photocurrents iθ=0◦ and iθ=90◦ of
the corresponding quadratures. To the right we find the quantum phasor picture for the
vacuum state at frequency Ω, which can be derived by averaging the measurement shown
in the middle.
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Figure 2.11: Representation of vacuum noise in the sideband picture and its transition into the
quantum sideband picture. Quantum noise is visualized in the sideband picture by small phasors
in quadrature space at each frequency. Here these quantum noise phasors are shown for six
frequencies explicitly. A property of such a quantum noise phasor is that its length changes in
time with a Gaussian distribution and that its phase does change indeterministically in time. This
behavior is shown for three specific times. The transition into the quantum sideband picture is
done by beating the two quantum noise phasors at frequencies ω0 ± Ω, Ω ∈ R+ and averaging in
time. The resulting two-dimensional Gaussian distribution has a unity variance (red dashed circle).
This quantum noise distribution is then drawn at frequencies ω0±Ω instead of the quantum noise
phasors. Performing this procedure for all frequencies Ω will end up in the quantum sideband
picture shown in the upper right corner of the figure.
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Figure 2.12: Representation of vacuum state in different physical pictures. On the left-hand side
we see a time evolution of the vacuum noise in the quantum sideband picture. At all sideband
frequencies ±Ω a red quantum noise distribution can be drawn to represent the vacuum noise at
this frequency ω0 ± Ω. This is explicitly shown for three different sideband frequencies. During
time this picture does not change because the quantum noise distribution already represent an
average of a time evolution. In the middle of the picture we see the time evolution of the sum
of the two vacuum noise distributions at frequency Ω which also does not change in time. This
represents a measurement of a vacuum state with arbitrary high time resolution, spectrally filtered
with a certain bandwidth such that only the sideband frequency Ω remains. Hence, the labels
of the axes change from the quadratures to the measured photocurrents îθ=0◦ and îθ=90◦ of the
corresponding quadratures. To the right we find the quantum phasor picture for the vacuum state
at frequency Ω, which is derived by averaging the measurement shown in the middle.
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Figure 2.13: Representation of coherent state in different physical pictures. On the left-hand
side we see a time evolution of the coherent state in the quantum sideband picture. At frequency
ω0 we see a blue phasor which represents the coherent amplitude of the carrier field and at all
sideband frequencies ±Ω a red quantum noise distribution can be drawn to represent the vacuum
noise at this frequency ω0 ± Ω. This is explicitly shown for three different sideband frequencies.
During time this picture does not change because in the rotating frame the coherent phasor is
fixed on its location and the quantum noise distribution already represent an average of a time
evolution. In the middle of the figure one sees the time evolution of the measured quadratures
of the photocurrent at frequency Ω of the coherent state. On the right-hand side we see the
quantum phasor picture for this coherent state at a frequency Ω, which is derived by averaging
the measurement shown in the middle.

2.10.2.3 A coherent state in the quantum sideband picture

A time evolution of a coherent state is shown in Figure 2.13. We see a coherent amplitude
at frequency ω0 and the vacuum noise distributions at all sideband frequencies. The time
evolution of the measured photocurrent at frequency Ω of the coherent state quadratures
can be seen in the center of Figure 2.13. To the right we see the corresponding quantum
phasor picture, which can be derived by averaging the measurement shown in the middle.

2.10.2.4 Amplitude modulation in the quantum sideband picture

If we combine the amplitude modulation shown in Figure 2.9 with vacuum noise, we ob-
tain Figure 2.14. The phasors of the two figures are exactly the same but in the latter one
the vacuum noise distribution is added. For convenience the vacuum noise distributions
are displayed only at the modulation frequencies ±Ω and dropped at all other frequencies.
The time evolution of the measured quadratures of the photocurrent at frequency Ω of
the amplitude modulated state can be seen in the middle of Figure 2.13. During one
modulation period the length of the resulting red phasor is altered periodically. Addi-
tionally the quantum phasor picture is added in Figure 2.14 to the right-hand side, which
is derived by averaging the measurement shown in the middle. Compared to the vacuum
noise distribution the obtained amplitude noise distribution is elliptical. The variance
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Figure 2.14: Amplitude modulated field for different times within one modulation period. On
the left-hand side the quantum sideband picture representation is displayed. The two green
sidebands rotate with frequency Ω in opposite directions around the frequency axis, whereas
the carrier field in blue does not change in time. On top of the sideband phasors the vacuum
noise distributions are located, whereas all other vacuum noise distributions are not shown for
clarity. In the middle the result of measurement—with arbitrary high time resolution—of the
photocurrent at frequency Ω for the different quadratures is illustrated. This can be represented by
the sum of the three (green and blue) individual fields as a red phasor including the vacuum noise
distribution. The sum phasor alters its length periodically in time due to the different orientations
of the sidebands but the phase stays constant. On the right-hand side the representation of this
amplitude modulation is shown in the quantum phasor picture. The blue phasor represents the
constant coherent amplitude of the amplitude modulated field and in red the amplitude noise
distribution is displayed. Compared to the vacuum noise distribution this is enlarged along the
amplitude quadrature due to the beat and averaging process of the two amplitude modulation
sidebands and their corresponding vacuum noise distribution. Along the phase quadrature the
amplitude noise distribution is equivalent to the vacuum noise distribution.

of the amplitude noise distribution is much bigger in amplitude quadrature, due to the
coherent sidebands, but the identical to the variance of the quantum noise distribution in
phase quadrature. Hence, this amplitude modulated field has large amplitude noise and
small phase noise at frequency Ω.

2.10.2.5 Phase modulation in the quantum sideband picture

If we do the same kind of combination for the phase modulated field shown in Figure 2.10
and vacuum noise we end up with Figure 2.15. Here we obtain the result that the
quantum phasor picture to the right-hand side of the figure also shows an elliptical noise
distribution. The variance in the phase quadrature is much bigger compared to the
vacuum noise, but the variance along the amplitude quadrature stays the same. Hence,
this phase modulated field has large phase noise and small amplitude noise at frequency
Ω.
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Figure 2.15: Phase modulated field for different times within one modulation period. On the
left-hand side the quantum sideband picture representation is displayed. The two green sidebands
rotate with frequency Ω in opposite directions around the frequency axis. Whereas the carrier
field (in blue) does not change in time. On top of the sideband phasors the vacuum noise distri-
bution are located, whereas all other vacuum noise distribution are not shown for clarity. In the
middle the result of measurement—with arbitrary high time resolution—of the photocurrent at
frequency Ω for the different quadratures is illustrated. This can be represented by the sum of
the three (green and blue) individual fields as a red phasor including the vacuum noise distribu-
tion. The sum phasor alters its phase periodically in time due to the different orientations of the
sidebands but the amplitude stays constant for small modulation indices. On the right-hand side
the representation of this phase modulation in the quantum phasor picture is shown. The blue
phasor represents the constant coherent amplitude of the phase modulated field and in red the
phase noise distribution is displayed. Compared to the vacuum noise distribution this is enlarged
along the phase quadrature due to the beat and averaging process of the two phase modulation
sidebands and their corresponding quantum noise distribution. Along the amplitude quadrature
the amplitude noise distribution is equivalent to the vacuum noise distribution.
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2.10.2.6 Squeezed states in the quantum sideband picture

Now all tools and knowledge have been presented to understand squeezing in the quantum
sideband picture. Equation 2.42 shows that, in contrast to a vacuum state, a squeezed
vacuum state does contain photons. These photons are linked to fields that are represented
by sideband phasors which are in general equally distributed along the frequency axis but
can also be limited to a certain bandwidth due to the experimental setup e.g. linewidth
of the OPA cavity. The length of these phasors is connected to the amount of squeezing
and it turns out that the sidebands at ±Ω are correlated depending on the kind of
squeezing that is produced. If we want to produce for example amplitude squeezing (see
Figure 2.16), the sidebands have to be co-aligned in the phase quadrature and counter-
aligned in the amplitude quadrature. Contrary to a phase or amplitude modulation (see
Figures 2.15 and 2.14) these squeezing sidebands do not rotate continuously and evolve
in time. Instead the orientation of the correlated sideband pair is totally random in time,
whereas the orientation of the two sidebands to each other is always correlated. Hence, the
two sideband phasors at frequency ±Ω represent the correlated part of the squeezed state
at frequency Ω. In Figure 2.16 they are visualized as green phasors. The uncorrelated part
of a squeezed state is represented by quantum noise distribution with a smaller standard
deviation than the vacuum noise distribution. These squeezed vacuum noise distribution
are the purple distributions attached to the correlated sidebands. Both, the uncorrelated
and correlated parts of an amplitude squeezed state are presented in Figure 2.16. On
the left-hand side the time evolution is shown. No carrier field is available and only at
the sideband frequencies ±Ω the correlated and uncorrelated fractions of the squeezed
states are shown, while these are dropped at all other frequencies for simplification. In
comparison to amplitude and phase modulation the random orientation of the sidebands
in time is clearly visible. In the middle of Figure 2.16 the result of a measurement of the
photocurrent is shown. This measurement is done with an arbitrary small time resolution
and frequency filter with a bandwidth so that only the sideband frequency Ω is detected.
The resulting red phasor can be constructed by the sum of the correlated fractions of
the amplitude squeezing (green phasors) with the uncorrelated distribution on top. On
the right-hand side the result of the averaged measurement is shown, which corresponds
to the quantum phasor picture of an amplitude squeezed state. The average coherent
amplitude is zero and the fluctuations are represented by the large purple distribution
that is a result of the correlated and uncorrelated fractions of the squeezed state. The
elliptical shape of the amplitude squeezed state is clearly visible. The variance of the
photocurrent’s amplitude quadrature îθ=0◦ matches the variance of the squeezed vacuum
noise distribution. The distribution along the phase quadrature is enlarged compared to
the vacuum noise distribution. This quadrature represents the anti-squeezed quadrature
of the squeezed state.

In Figure 2.17 the corresponding figure for a phase squeezed state is displayed. The
same properties as for the amplitude squeezed states apply here, with the exception that
the correlated fractions of the squeezed state are now co-aligned in the amplitude quadra-
ture and counter-aligned in the phase quadrature. This results in the quantum phasor
picture representation of the phase squeezed state shown on the right-hand side of the
figure. The variance of the photocurrent’s phase quadrature îθ=90◦ matches the variance
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Figure 2.16: Amplitude squeezed vacuum field for different times within one modulation period.
On the left-hand side the quantum sideband picture representation is displayed. The correlated
fraction of the amplitude squeezed state is represented by the green phasors, explicitly shown here
at the frequencies ±Ω, whereas the uncorrelated fraction is visualized by the purple squeezed vac-
uum noise distribution. The correlated fraction does not evolve in time like phase and amplitude
modulation. The orientation of the correlated sidebands is always co-aligned in the phase quadra-
ture and counter-aligned in the amplitude quadrature, but the general orientation of sideband
pair is completely random in time. In the middle of the figure a measurement of the photocurrent
provoked by the amplitude squeezed state is shown. This measurement is done with an arbitrary
time resolution and a spectral filter such that only the sideband frequency Ω is analyzed. The
result is displayed by a red phasor that can be obtained by the sum of the correlated green side-
band phasors and their corresponding uncorrelated fractions in purple. On the right-hand side the
average of the detected photocurrent is presented. Here the correlated and uncorrelated fractions
form the desired squeezing ellipse, which shows a squeezed variance along the amplitude quadra-
ture and an anti-squeezed variance along the phase quadrature of the photocurrent compared to
the vacuum state presented in Figure 2.12.
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Figure 2.17: Phase squeezed vacuum field for different times within one modulation period.
On the left-hand side the quantum sideband picture representation is displayed. The correlated
fraction of the phase squeezed state is represented by the green phasors, explicitly shown here
at the frequencies ±Ω, whereas the uncorrelated fraction is visualized by the purple squeezed
vacuum noise distribution. The orientation of the correlated sidebands is always co-aligned in the
amplitude quadrature and counter-aligned in the phase quadrature, but the general orientation
of sideband pair is completely random in time. In the middle of the figure a measurement of the
photocurrent provoked by the phase squeezed state is shown. This measurement is done with an
arbitrary time resolution and a spectral filter such that only the sideband frequency Ω is analyzed.
The result is displayed by a red phasor that can be obtained by the sum of the correlated green
sideband phasors and their corresponding uncorrelated fractions in purple. On the right-hand
side the average of the detected photocurrent is presented. Here the correlated and uncorrelated
fractions form the desired squeezing ellipse, which shows a squeezed variance along the phase and
an anti-squeezed variance along the amplitude quadrature of the photocurrent compared to the
vacuum state presented in Figure 2.12.

of the squeezed vacuum noise distribution. For the amplitude quadrature of the pho-
tocurrent the distribution is enlarged compared to the vacuum state, which corresponds
to the anti-squeezed variance of the squeezed state.

2.11 Calculation of squeezing from an OPO cavity

Introduction

Polzik et al. were the first who announced a theory which allowed the calculation of
squeezing that can be produced inside an optical parametric oscillator (OPO) cavity
[PCK92]. Later this theory was used to derive the maximum amount of the detected
squeezing for a real system which included losses [LRB+99] and phase noise [ZGC+03]
between the production of a squeezed state and its detection. This theory was tested in
[ATF06] and will be used in the following.
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The variances of a squeezed state are given by

V± = 1 ± αρ
4x

(1 ∓ x)2 + Ω2
, (2.93)

where V− and V+ are the variances in the squeezed and anti-squeezed quadrature re-
spectively. The detection efficiency α is a product of the propagation efficiency ζ, the
quantum efficiency of the photodiodes η and the homodyne efficiency ξ2, with ξ being
the homodyne visibility. ρ is the escape efficiency of the OPO which can be written as

ρ =
T

T + L
. (2.94)

Here the transmissivity T of the outcoupling mirror and the intra-cavity losses L are
taken into account. The pump parameter x contains the classical gain G of the OPO,
given by

G =
1

(1 − x)2
. (2.95)

This can be rearranged to

x = 1 −
√

1

G
. (2.96)

Here, only the result with the minus in front of the square root is taken into account,
because the other solution shows a nonphysical behavior for gain G = 1 (squeezing
without any pump field). The detuning parameter Ω is given by the ratio of the measured
sideband frequency ω and the OPO cavity decay rate γ = c (T + L)/l (l = round-trip
length of the cavity), i.e.

Ω =
ω

γ
. (2.97)

2.11.1 Simulations

For the calculation of the variances V− and V+ one needs to know all of the physical
parameters that are specified in Table 2.1. These parameters can be divided into two
groups. One group consists of parameters that are easily accessible or measurable, whereas
the other group is not. The latter group consists of the intra-cavity losses L and the
quantum efficiency η of the photodiodes. A precise measurement of the quantum efficiency
of the photodiodes is very difficult, because the needed power meters have usually an
absolute error of 5% which directly couples into the resulting quantum efficiency of the
photodiodes. Later we will see that this error makes it difficult to predict the amount of
squeezing an OPO or OPA system can produce. The second parameter that is not easily
accessible is the total intra-cavity loss. If we look at the hemilithic design that is mostly
used in this thesis (see Figure 3.14), one realizes that the AR coating and the internal loss
of the crystal make up the total intra-cavity loss. The specification for the AR coating of
the crystal is R < 0.05%. To measure this coating in reflection one has to deviate from
normal incidence and then measure the reflected power with a power meter, which has
again an error of 5%. But even if one knows the reflectivity of the AR coating one still

47



Chapter 2 Quantum nature of light

easily measured parameters

ω measured frequency

ζ propagation efficiency

ξ homodyne visibility -> homodyne efficiency = ξ2

T transmissivity of the cavity outcoupling mirror

l roundtrip length of the cavity

not so easily measured parameters

η quantum efficiency of the photodiodes

L intra-cavity losses

calculated parameters from measurement

α = ζηξ2 product of the efficiencies

γ = c (T + L)/l cavity decay rate

G = 1
(1−x)2

classical gain

Ω = ω
γ detuning parameter

ρ = T/(T + L) cavity escape efficiency

x = 1 −
√

1
G pump parameter follows from the classical gain G

Table 2.1: Physical parameters that are needed for the calculation of the variances V− and V+,
divided in three different classes.

has to determine the internal loss of the crystal. This can vary from crystal to crystal
even if they are from the same manufacturer, as a result of the process of growing these
crystals. Small impurities deteriorate the homogeneity of the crystal resulting in local
absorption fluctuations. An effective way to obtain the intra-cavity losses of our OPO
cavities is to make a finesse measurement with a high reflecting outcoupling mirror. The
finesse has to be very high if the intra-cavity loss is low, to get into a regime where the
finesse is dominated by the losses. Such a measurement is planned in the future to obtain
a better knowledge of the intra-cavity losses. At present the intra-cavity loss can only be
estimated from a normal finesse measurement (see Section 2.11.2).

In Figure 2.18 the transition from an ideal OPO system with zero losses and perfect
efficiencies to a typical system used in the laboratory is shown. This illustrates how these
different parameters couple into V− and V+.

2.11.2 Estimation of the intra-cavity losses

To get a measure of T and L, we can take a finesse measurement and model our system
with the best known parameters and their individual errors. In Table 2.2 the parameters
of three different systems are given. Each of these systems has a finesse F ≈ 138 but a
different value for the overall loss.

From the squeezing values we can achieve with the current setup—up to 7.5 dB—
and the measurement of all easy accessible parameters given in Table 2.1 together with
the individual measurement of the photodiode quantum efficiency η, we can make an
estimation of the internal losses L of the OPO cavity. We know that η is not larger than

48



2.11 Calculation of squeezing from an OPO cavity

system with maximum loss parameters

hemilithic cavity:
outcoupling mirror: R=0.961, T=0.039 F = 137.1
AR-coating: R=0.05% L = 0.58%
crystal’s internal losses: 0.025% max. SQZ: -8.87 dB

ring cavity F = 145
L=0.33992%;

max. SQZ: -10.95 dB

system with minimum loss resulting values

hemilithic cavity:
outcoupling mirror: R=0.956, T=0.044 F = 137.7
AR-coating: R=0.01% L = 0.061%
crystal’s internal losses: 0.02% max. SQZ: -18.58 dB

ring cav. F = 138
L=0.0421%;

max. SQZ: -20.15 dB

realistic system resulting values

hemilithic cavity:
outcoupling mirror: R=0.958, T=0.042 F = 137.9
AR-coating: R=0.03% L = 0.253%
crystal’s internal losses: 0.1% max. SQZ: -12.44 dB

ring cav. F = 141
L=0.157%;

max. SQZ: -14.41 dB

Table 2.2: Three simulated OPO systems and their individual parameters having a finesse of
F ≈ 138. The model includes a hemilithic cavity consisting of an outcoupling mirror and a
nonlinear crystal with an AR coating at the front and an HR coated back surface. The values
for the ring cavity are for a doubly AR coated crystal with the same outcoupling mirror as the
hemilithic cavity. To compensate the smaller interaction length due to only one pass through
the crystal per round trip, the pump power has to be doubled. The fixed parameters for all of
the above cavities are the length l = 0.075 , the HR-coating reflectivity R=0.99996 and sideband
frequency of ω = 2π ·5×106 Hz. All squeezing values are for an ideal system with no propagation
and detection losses.
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Figure 2.18: Variances of the squeezed V− (solid) and anti-squeezed V+ (dashed) quadrature for
a transition from an ideal system with zero losses and perfect efficiencies to a typical system that
was used in the laboratory for an estimated internal loss of 0.006 and a quantum efficiency of 0.94
for the photodiode.

0.97, which gives an upper limit for L of 0.006, otherwise our squeezing results cannot
be obtained. On the other hand we know that η is not smaller than 0.87, which sets
an lower limit for L of 0.001. Resulting from this estimation, the intra-cavity loss of the
OPO cavity is

0.001 < L < 0.006 . (2.98)

Differences between linear cavity and ring cavity

As seen in Table 2.2 the squeezing values for the ring cavity are larger then the hemilithic
ones. This is due to losses inside the crystal dominating the intra-cavity loss. In a ring
cavity with the same finesse as a linear cavity, the light passes the crystal only once per
round-trip (see Figure 2.19). To compensate the lower interaction length (or equivalent
interaction time) of the pump field with the nonlinear crystal, the pump power has to be
doubled for the ring cavity to achieve the same nonlinear effect as in a linear cavity.

If we take the values for the maximally achievable squeezing from Table 2.2 and
see how these degrade in a real experiment with propagation efficiency (ζ = 0.97) and
detection losses (η = 0.94 and ξ = 0.98), we get the squeezing values shown in Table 2.3.
The advantages of the ring cavity diminish and it nearly performs like the linear cavity.
At least the additional complexity of a ring cavity are not worth the small performance
increase.
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hemilithic cavity ring cavity

AR AR

AR HR

Figure 2.19: Comparison of a linear hemilithic cavity and a ring cavity. In the linear design the
light passes the crystal twice per round trip whereas in the ring cavity the crystal is only passed
once. This doubles the losses due to the crystal absorption in the linear cavity compared to the
ring cavity. HR: high reflective coating; AR: anti reflective coating.

parameters: propagation efficiency ζ = 0.97,
quantum efficiency of the photodiodes: η = 0.94
and homodyne visibility: ξ = 0.98

ideal system realistic system

hemilithic cavity with maximum losses: -8.87 dB -6.24 dB

hemilithic cavity with minimum losses: -18.58 dB -8.65 dB

hemilithic cavity with realistic losses: -12.44 dB -7.59 dB

ring cavity with maximum losses: -10.95 dB -7.11 dB

ring cavity with minimum losses: -20.15 dB -8.77 dB

ring cavity with realistic losses: -14.41 dB -8.07 dB

Table 2.3: Degradation of the squeezing by the transition from an ideal—calculated in Table 2.2—
to a realistic system with non-unity efficiencies.
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2.11.3 An example of a typical OPO

To learn more about the consequences of Equation 2.93, it is useful to consider an example.
Imagine an OPO that produces 6.5 dB of squeezing with a classical gain of G = 10. The
parameters we know about the system are: ζ = 0.97, ξ = 0.985, T = 0.044, l =
0.075, ω = 2π · 5× 103 Hz. As seen in Figure 2.20 there are many possible configurations
that produce the same amount of squeezing in particular 6.5 dB for a classical gain of 10.
These systems differ in the photodiode quantum efficiency η and the internal losses L.
The shown curves in Figure 2.20 are a result from the loss estimation in Equation 2.98.
To compensate the influence of the different intra-cavity losses, the quantum efficiency
of the photodiodes has to be re-adjusted in the simulation to obtain the same amount of
squeezing. All other parameters remain the same.

The escape efficiency ρ of the OPO (see Equation 2.94) is generally limited by the
transmissivity of the outcoupling mirror. The loss inside the crystal is fixed and the AR
coatings used have reflectivities R < 0.05%. The evolution of the squeezing strength
with a changing outcoupling transmissivity is presented in Figure 2.21, which shows a
comparison of two different OPO systems. The first system uses η = 0.97 and L=0.006,
whereas the other system uses η = 0.93 and L=0.004. For both systems the dependency
of the squeezed variance V− with the classical gain for five different transmissivities of
the outcoupling mirror is shown. It is clearly visible that V− decreases for higher trans-
missivities. A comparison of ❶ and ❷ of Figure 2.21 shows that the curves for T=0.044
are the same, but the curves for higher T’s have more squeezing in the first case where
η = 0.97. Note that it is important to know the internal losses of the OPO cavity or the
quantum efficiency of the photodiodes, because only then a prediction of the variances
V− and V+ can be accurate.

To further decrease the losses and thereby detect more squeezing, one can think of a
self-homodyne detection scheme (see Section 2.9.5). No additional external local oscillator
is required and has to be mode matched with the squeezed beam. Hence, the homodyne
visibility is increased to ξ = 1, which results in a minimization of loss. The consequences
for the systems from Figure 2.21 for a homodyne visibility ξ = 1 are presented in Fig-
ure 2.22, which clearly shows and improvement in the squeezing strength. Consequently,
to detect the maximum possible squeezing the self-homodyne detection scheme should be
used.

2.11.4 Phase fluctuation

In the homodyne detection scheme with external local oscillator the relative phase θ be-
tween the local oscillator and the squeezed beam determines the measured quadrature
(details see Section 2.9.5). As a consequence, fluctuations of θ couple into the measure-
ment process and it looks like the squeezing ellipse is jittering with respect to a fixed
quadrature. This effect mixes the squeezed and anti-squeezed quadratures, which results
in a degradation of the squeezed variance V− (see Figure 2.23).

In a very simple model [ZGC+03] this degradation can be described by

V± ≈ V± cos2 (δθ) + V∓ sin2 (δθ). (2.99)
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Figure 2.20: Squeezed variance V− plotted for six different OPO systems that all produce the
same amount of squeezing especially 6.5 dB at a classical gain G=10. All of these different systems
differ in the internal loss L and in the quantum efficiency η. The other parameters that have been
used for the simulation are ζ = 0.97, ξ = 0.985, T = 0.044, l = 0.075, ω = 2π · 5 × 103.

In Figure 2.24 the effect of these phase fluctuations for different δθ’s on the variances V−
and V+ can be seen. In the simulation a system without any losses is modelled. This
system produces more than −15 dB of squeezing for G = 12 and δθ = 0◦. In the case
that the phase fluctuations are δθ = 10◦ this squeezing value is deteriorated to +0.4 dB,
and squeezing cannot be detected.
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Figure 2.21: Squeezed variance V− for a homodyne detection scheme with external local oscillator:
The different curves represent different transmissivities T of the outcoupling mirror. ❶ shows the
squeezed variance V− for a system with the following parameters: ζ = 0.97, η = 0.97, ξ =
0.985, L = 0.006, l = 0.075, ω = 2π · 5 × 103 Hz. ❷ shows the squeezed variance V− for a
system with the following parameters ζ = 0.97, η = 0.93, ξ = 0.985, L = 0.004, l = 0.075, ω =
2π ·5×103 Hz. In both graphs the cyan curve for T = 0.044 is the same (see Figure 2.20), but the
curves for higher transmissivities show more squeezing in ❶, due to a higher quantum efficiency
used for of the photodiodes.
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Figure 2.22: Squeezed variance V− for a self homodyne detection scheme: The different curves
represent different transmissivities T of the outcoupling mirror. ❶ shows the squeezed variance V−
for a system with the following parameters: ζ = 0.97, η = 0.97, ξ = 1, L = 0.006, l = 0.075, ω =
2π · 5 × 103 Hz. ❷ shows the squeezed variance V− for a system with the following parameters
ζ = 0.97, η = 0.93, ξ = 1, L = 0.004, l = 0.075, ω = 2π · 5 × 103 Hz. In both graphs the
cyan curve for T = 0.044 is the same (see Figure 2.20), but the curves for higher transmissivities
show more squeezing in ❶, due to the higher quantum efficiency used for the photodiodes. In
comparison to Figure 2.21 the amount of squeezing is increased.
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❶ ❷

Figure 2.23: ❶: Contour plot of a squeezing ellipse. ❷: Contour plot of the same squeezing
ellipse including phase fluctuations of δθ = 45◦. Due to these fluctuations V− is increased.
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Figure 2.24: Variances V− and V+ for an ideal system with l = 0.075 and ω = 2π · 5 × 106. A
degradation of squeezed variance due to increasing phase fluctuations δθ is clearly visible. The
effect to the anti-squeezed variance is too small to be seen in this graph.
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Chapter 3

A typical squeezing experiment

Introduction

This chapter describes all optical components and techniques required for the generation
of squeezed light. It provides the basic information for all the other experimental chapters
in this thesis. This avoids multiple descriptions of the same basic element. At first
the optical layout of a squeezing experiment is presented. Afterwards the three main
sections of the setup—laser preparation, nonlinear experimental stage and experimental
area and detection zone—are described in separate sections in more detail. The laser
preparation stage is used to produce a stable laser beam in terms of mode purity, and
beam position (see Section 3.2). This stage is followed by the nonlinear experimental
stage, which contains the second harmonic generation (SHG) and the optical parametric
amplifier (OPA). The SHG is needed to produce a strong harmonic pump field at a
wavelength of 532 nm and the OPA generates the squeezed light. Both of these nonlinear
phenomena, their corresponding theories and the experimental realization are represented
in Section 3.3. The experimental area and detection zone (Section 3.4) in this first
experiment consists only of the homodyne detector due to the fact that the experiment
focuses only on the production of squeezed light. The homodyne detector is required
to perform the measurements which characterize the produced squeezed quantum states.
This experiment has been set up in close collaboration with my colleagues A. Franzen and
H. Vahlbruch, who both wrote their Diploma theses [Fra04, Vah04] on different aspects
of this setup and experiments performed with this setup.

This chapter closes with the presentation of some squeezing spectra produced and
measured with the described setup. In the following chapters of this thesis the experiments
will all contain the basic elements presented in this chapter. In addition, the experimental
area will contain various experiments, in which the squeezed light is transformed or used
as a tool to achieve a specific goal.

3.1 Optical components and layout

A typical squeezing experiment can be divided into three individual sections (see Fig-
ure 3.1). The first section is the laser preparation. Here we find components such as the
main laser source and the modecleaner. The second part is the nonlinear optics stage,
including the SHG and the OPA/OPO. The SHG produces the needed harmonic pump
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Figure 3.1: Optical layout of a generic squeezing experiment. One can divide the experiment
in three sections: ❶ laser preparation, ❷ nonlinear experimental stage and ❸ experimental area
including the detection zone.

light for the OPA/OPO, which then generates the desired squeezed vacuum field. The
third part is the experimental stage, where the squeezing can be used as a tool in di-
verse experiments. This stage includes the detection zone and therefore the homodyne
detector.

3.2 Laser preparation

This section contains the detailed descriptions of the main laser source, a modecleaner
and a frequency stabilization circuit. These components are needed to provide a laser
beam with a pure mode profile and stable beam position for the experiment on generating
and characterizing squeezed light.

3.2.1 Laser

The used laser for all experiments presented in this thesis is a monolithic nonplanar ring-
oscillator (NPRO) Nd:YAG laser. It is a Mephisto fabricated by Innolight. The two pump
diodes produce a power of 5.5W at a wavelength of 808 nm. This is converted inside of
the NPRO into a power of 2 W at a wavelength of 1064 nm. Characteristic for this kind
of laser is the high quality beam with an M2 < 1.1. This and other laser specifications
are given in Table 3.1

A schematic of this laser can be found in Figure 3.2. The fields of the two pump
diodes are combined with a polarizing beam splitter (PBS) and focused into the laser
crystal. Here the pump field is converted into light with λ0 = 1064 nm wavelength. The
Nd:YAG crystal itself forms a cavity for the generated light. A static magnetic field is
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Figure 3.2: Schematic of the used Nd:YAG laser. Two pump diodes are mode matched into
the laser crystal to pump the lasing process. The laser crystal forms a nonplanar ring-oscillator
where an applied magnetic field selects the round trip direction of the produced light field. The
generated laser radiation of 1064 nm is then propagating downwards.

output power [W] 2

beam quality, M2 < 1.1

thermal tuning coefficient [GHz/K] -3

thermal tuning range [GHz] 30

PZT tuning coefficient [MHz/V] > 1

PZT tuning range [MHz] ±100

spectral linewidth [kHz/100 ms] 1

coherence length [km] > 1

frequency drift [MHz/min] 1

relative intensity noise, RIN [dB/Hz] < -100

noise eater option, RIN [dB/Hz] < -150

waist size, radius [µm] 170

waist location (inside laser head) [mm] 90

Table 3.1: Specifications of the Nd:YAG laser
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Figure 3.3: Power spectrum of the laser amplitude noise measured behind the modecleaner:
(a) shows the generic laser amplitude noise with a relaxation oscillation at 1.1 MHz, (b) shows
the Noise Eater improved amplitude noise of the laser. Here a small part of the laser power
is detected with a photodiode and fed back to the pump diode current. As a result the laser
relaxation oscillation is reduced.

applied to the area where the laser crystal is located. It induces the Faraday effect on
the laser light travelling inside the cavity. This ensures that the outgoing mode is highly
s-polarized. The waist size radius of the laser was measured to be 170µm. It is located
110 mm behind the front of the laser casing.

Two different actuators are used to change the length of the laser resonator and
thereby change the laser frequency. The laser crystal is mounted on a Peltier element.
This allows the change of the crystal temperature which corresponds to a change in length.
With this temperature actuator a tuning range of the laser frequency of 3 GHz/K can be
achieved. Due to the thermal capacity of the laser crystal, the control bandwidth of the
temperature is limited to about 1 Hz. For fast actuation a piezoelectric transducer (PZT)
is used, which is clamped onto the laser crystal. By applying a voltage to the PZT, it
changes its length. The stress that is induced on the laser crystal also changes its length.
Thus a tuning range of 1.5MHz/V with a control bandwidth of about 100kHz is possible.

Solid state lasers typically have relaxation oscillations, which reveal large amplitude
noise in a certain frequency range [HRH+97]. A compensation of these is made for
the used laser by a servo—called Noise Eater—which senses these oscillations with a
photodiode and controls the current of the pump diodes. The performance improvement
of this Noise Eater is visible in Figure 3.3

In general the laser is composed of three more components, which are essential for a
well operating laser. Figure 3.1 shows that directly behind the laser there is a quarter-
wave plate, a half-wave plate, and a Faraday isolator. At first the quarter-wave plate is
used to eliminate the remaining elliptical polarization from the laser field. Afterwards
the combination of the half-wave plate and the Faraday isolator ensures a maximum
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rc = -1m

Figure 3.4: Schematic of the modecleaner, a ring cavity formed by three mirrors with a round-
trip length of L=0.42m. The input and output mirrors (M1 and M2) are flat and have a power
transmissivity of Ts = 700 ppm for s-polarization and Tp = 1.2% for p-polarization. The high
reflective end mirror has a transmissivity of Ts = 100 ppm and a radius of curvature of rc = −1 m.
The cavity’s waist position is between the two flat mirrors and has a radius of w0 = 370µm.

attenuation of laser light that is reflected directly from the experiment to the laser to
guarantee an undisturbed laser generation process.

3.2.2 Modecleaner

A modecleaner [Ueh97] can be used to improve the properties of the laser beam. A
schematic of the modecleaner that was used in most experiments described in this thesis
is displayed in Figure 3.4. This ring cavity is formed by three mirrors with a round-trip
length of L=0.42m. The input and output mirrors (M1 and M2) are flat and have a power
transmissivity of Ts = 700 ppm for s-polarization and Tp = 1.2% for p-polarization. The
high reflective end mirror has a transmissivity of Ts = 100 ppm and a radius of curvature
of rc = −1 m. The cavity’s waist position is between the two flat mirrors and has a radius
of w0 = 370µm. The finesse of the modecleaner depends on the input polarization of
the laser light. The measured finesse in s-polarization is Fs ≈ 4000 and in p-polarization
Fp ≈ 256. The free-spectral-range (FSR) of the modecleaner can be calculated to be
FSR = c/L ≈ 714 MHz. Hence, the resulting linewidth’s ∆ν full width at half maximum
(FWHM) of the modecleaner is 170 kHz in s- and 2.75MHz in p-polarization.

To ensure a high rigidity of the modecleaner all three mirrors are glued onto an Invar
spacer. Invar is chosen because its low thermal expansion coefficient minimizing the
alignment variances due to temperature fluctuations. To control the length of the mode-
cleaner a piezoelectric transducer1 (PZT) is positioned between the curved mirror and
the spacer.

The modecleaner has two properties which are helpful in squeezing experiments. At
first, the modecleaner acts like a low-pass filter for amplitude noise of the ingoing laser
field, meaning amplitude noise gets attenuated after the transmission through the mode-
cleaner. The modecleaner’s transfer function is shown in Figure 3.7. The amplitude noise

1Manufacturer: Physik Instrumente, type: P-016.00H, displacement: 5 µm@1000V, length: 7mm, di-
ameter OL: 16mm, diameter: 8mm, resonance frequency: 144 kHz
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at a frequency of ∆ν/2 is attenuated by a factor of two in power. For higher frequencies
this attenuation is largely increased. Hence, the technical noise of the laser gets smaller
and is shot noise limited at a lower frequency compared to not using a modecleaner. The
second improvement by the modecleaner is the transversal mode healing effect, due to the
large number of round-trips inside the cavity. The incoming beam parameters have to be
exactly the same as the cavity’s own mode parameters to fulfill the resonance condition
and thereby pass through the modecleaner. Hence, the transmitted mode shape is much
better than the incoming one.

3.2.3 Frequency stabilization

To match the frequency of the laser with the resonance frequency of the modecleaner, one
of the two has to be the frequency reference whereas the other one has to be adjusted to
follow the reference. Fundamental research has determined [Que03] that the used NPRO
laser has a much lower frequency drift than the used Invar based modecleaner, as long
as the modecleaner is not placed into a vacuum chamber. Hence, the laser is used as
the frequency reference and the modecleaner is locked to the laser. The PZT of the
modecleaner is used to change the length and thereby change the resonance frequency of
the desired TEM00 cavity mode. The needed error signal for this length control of the
modecleaner is generated by a standard Pound-Drever-Hall (PDH) scheme, details of this
scheme can be found in [Bla00].

The experimental layout of the frequency stabilization can be found in Figure 3.5.
An oscillator with frequency Ω/2π = 15 MHz is used to drive a phase modulator2, which
induces a phase modulation (see Equation 2.92) on the laser field. The beam passes
two lenses to match its transversal mode shape to the eigenmode of the modecleaner.
A half-wave plate in front of the modecleaner can be used to select one of the two or-
thogonal polarization modes. In general the low finesse p-polarization is used because
the implemented modecleaner showed large absorptions, resulting in a low transmitted
power, thereby not allowing a reasonable use of the high finesse mode. The incoming
beam is reflected at the modecleaner and detected with a photodiode. The imprinted
phase modulation is transformed into an amplitude modulation with frequency Ω if the
laser light is not resonant with the modecleaner. This amplitude modulation can be
senses by the photodiode. The resulting photocurrent is electronically demodulated with
a mixer and low-pass filtered. As a result one obtains an error signal for the desired
modecleaner length control. This error signal is processed by a servo, which generates a
feedback signal. A high-voltage (HV) amplifier boosts the feedback signal and feeds it
back to the PZT that actuates the length of the modecleaner. The circuits of the used
Servo and HV amplifier can be found in Appendices C.2 and C.3.

The generated PDH error signal can be found in Figure 3.6. By scanning over more
than one FSR one can see the good mode matching quality. The error signal has a nice
and steep slope at the locking point, where the TEM00 mode is resonant inside the cavity.

The quality of the modecleaner lock can be estimated by the open-loop transfer func-
tion of the control loop. This special transfer function is measured while the frequency

2Manufacturer: Gsänger, type: PM25
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Figure 3.5: Frequency control loop of the modecleaner. An EOM generates phase modulation
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Figure 3.6: The modecleaner’s PDH error signal (a) and the corresponding reflected light power
(b). Trace (c) shows the high-voltage (HV) ramp applied to the PZT. The scan ranges over more
than one FSR and the mode matching quality is quite remarkable. Only one tiny mode other
than the TEM00 mode is visible.
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Figure 3.7: Measured open-loop transfer function (OLTF) of the modecleaner’s frequency control
loop. (a) shows the OLTF for a servo with one integrator, whereas (b) was measured by using
two integrators. The unity gain frequency (UGF) of both OLTFs is about 10kHz. However (b) is
only conditionally stable around the UGF unlike (a), which is stable for all UGFs below 10kHz.

control loop is working and the feedback gain of the loop that is used to suppress a dis-
turbance at a specific frequency is measured. A detailed description of the open-loop
transfer function and how it is measured can be found in Appendix B.2. The servo that
was used for the modecleaner control loop used two integrators that could be activated
individually. The measured open-loop transfer function of the modecleaner is shown in
Figure 3.7. The unity gain frequency is approximately 10 kHz. Using both integrators
results in a gain of 20 dB per decade. The control with one integrator is stable for all
unity gain frequencies below 10 kHz, whereas the control with two integrators is only
conditionally stable around a unity gain frequency of 10 kHz. Due to the higher gain at
low frequencies the loop was mostly operated with two integrators.

3.3 Nonlinear experimental stage

The next components of a typical squeezing experiment are the nonlinear cavities, namely
the second harmonic generator (SHG) and the optical parametric amplifier/oscillator
OPA/OPO. At first, the theory of the underlying nonlinear optical effects is introduced
in Sections 3.3.1 and 3.3.2. Afterwards, the optical and mechanical setup is described in
detail in Section 3.3.3.

3.3.1 Theory of second harmonic generation—SHG

Second harmonic generation is a well understood and developed physical effect to convert
energy from frequency ω0 to the new frequency 2ω0. It was first demonstrated in 1961
with a Q-switched ruby laser with a conversion efficiency of 2 · 10−8 [FHPW61]. Today
the technique has advanced and conversion efficiencies for continuous wave (cw) systems
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of up to 89% have been demonstrated [SSM+96]. Many of the commercially available
high power lasers working in the visible range are in fact frequency doubled solid state
infrared lasers e.g. the Verdi manufactured by Coherent.

3.3.1.1 Requirements for a SHG

Nonlinear susceptibility

Second harmonic generation (SHG) is typically done inside a crystalline material. From
nonlinear optics one knows that the electric polarization P of a crystal is described by the
response of the outer valence electron to an electric driving force E. P can be expressed
by

P = ǫ0

(
χ(1)E + χ(2)E2 + χ(3)E3 + . . .

)
. (3.1)

The first order term is connected to the refractive index of the crystal by

n =

√
1 + χ(1) , (3.2)

so that for typical materials χ(1) ≈ 1. In most materials the second and higher order
susceptibility terms can be neglected [Boy92]. Even materials with a strong second order
susceptibility have χ(2) ≈ 10−10 – 10−13 m/V, which seems to be quite small but sufficient
for second harmonic generation and optical parametric amplification. Other nonlinear
processes based on the χ(2)-term can be found in Figure 3.8. The Kerr effect [Boy92]
is based on the χ(3)-term and requires large amplitudes because most materials have an
almost vanishing χ(3) value.

To take a closer look at the SHG process, imagine an electric field

E = E0 cos(ω0t) . (3.3)

If one considers Equation 3.1 only up to the quadratic term, the driving field will yield a
polarization

P = ǫ0

(
χ(1)E0 cos(ω0t) + χ(2)E2

0 cos2(ω0t)
)

= ǫ0

(
χ(1)E0 cos(ω0t) +

χ(2)E2
0

2
+
χ(2)E2

0

2
cos(2ω0t)

)
. (3.4)

The 2ω0 term describes a higher order oscillation of the crystals valence electron. This
motion gives rise to a propagating electric field with the frequency 2ω0. The factor χ(2)

shows that for a reasonably frequency doubled output field, the input electric field must
be very large. For continuous wave SHG with high conversion efficiencies the favorable
design is intra-cavity SHG. This can be achieved internally, meaning the nonlinear crystal
is included into the laser resonator, or externally, where the nonlinear crystal is located
in a separate cavity. Throughout this thesis only external cavity SHG, which was also
been used to demonstrate a conversion efficiency of 89% [SSM+96] will be considered.
The detailed description of the SHG cavity can be found in Sections 3.3.3 and 3.3.4.
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Figure 3.8: Three-wave mixing processes. There are two groups of nonlinear effects which can
be divided into upconversion and downconversion processes. The upconversion processes are
second harmonic generation (SHG) and sum frequency generation, which is the non-degenerate
case of SHG. The upconversion processes are degenerate optical parametric oscillation (DOPO)
and amplification (DOPA) and the corresponding non degenerate processes NDOPO and NDOPA.
The difference between OPO and OPA is, that the OPA is seeded with fundamental field, whereas
this seed is replaced with a vacuum field for the OPO.

Phase matching

The second requirement for an efficient SHG is the conservation of momentum throughout
the conversion process [Boy92]. In nonlinear optics the conservation of momentum is often
referred to as phase matching.

In Figure 3.8 the different processes that are based on three wave mixing are shown.
SHG belongs to the group of upconversion and represents the degenerate case, meaning
only one input field with a specific frequency ω0 is used for the generation of the har-
monic field with frequency 2ω0. The other processes that are used throughout this thesis
are degenerate optical parametric amplification (DOPA) and oscillation (DOPO) in the
following named for simplification OPA and OPO respectively. All cases in Figure 3.8
require momentum conservation which can be expressed by

k2 = k1 + k1′ . (3.5)

The index corresponds to the frequency ωj of the corresponding field. This thesis concen-
trates on the degenerate cases SHG, OPA and OPO, where k1 = k1′ . The wave vector
can be expressed using the refractive index of the material. In the case of collinearly
propagating fields it is found

n1ω1

c
= 2

n2ω2

c
. (3.6)

For the degenerate cases (2ω1 = ω2) this reduces to

n1 = n2 . (3.7)

Consequently the fields have to propagate with the same speed through the crystal. This
is the origin of the term phase matching. If the phase matching is not perfect, the fields
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will become out of phase during the propagation through the crystal and the efficiency
will be decreased. The phase mismatch is expressed by

∆k = k2 − 2k1 . (3.8)

Experimentally, phase matching can be achieved in various ways for birefringent crys-
tals.

• Type I phase matching is satisfied if the two incoming fundamental fields have the
same polarization and the harmonic field is orthogonally polarized. This can be
achieved by adjusting the angle of incidence, changing the crystal temperature or
both. The phase matching is said to be noncritical if the refractive indices are
matched for light fields propagating in the plane which is orientated 90◦ to the
optical axis of the crystal.

• Type II phase matching is satisfied for the case that the two fundamental fields are
orthogonally polarized to each other and the harmonic has the same polarization
as one of the fundamental fields. Again this can be achieved by adjusting the angle
of incidence, changing the crystal temperature or both.

• Quasi phase matching is done via a periodic manipulation of the cumulated relative
optical phase. The crystal’s domain is inverted periodically on short length scales
resulting in a phase mismatch of

∆kQPM = k1 + k1′ − k2 −
2π

Λ
, (3.9)

where Λ is the crystal inversion period. Hence, the equal refractive index for the
fundamental and harmonic is not necessary anymore, due to the periodic poling
term. It is an advantage of the periodic poled materials that phase matching can
be achieved at room temperature over a very wide temperature range compared to
the other two phase matching methods. Also materials with higher nonlinearities
can be used, which are otherwise unreachable with temperature or angle tuning.

In this thesis only phase matching type I is used for the nonlinear crystals in the SHG,
OPA or OPO. The actual phase matching is tuned with the temperature. The temper-
ature and wavelength dependence of the phase mismatch is described by the Sellmeier
equation [ENKB91]

∆k = −8666

(
1 − λ0

λ

)2

cm−1 + 7.49 (T − T0) cm−1K−1 , (3.10)

where λ is the pump wavelength, T is the crystal temperature in ◦C, λ0 = 1064 nm and
T0 is the phase matching temperature. To see the effect of the phase matching on the
conversion efficiency of the SHG one needs to look at the power of the harmonic beam
[Boy92]

P2ω0 = Pmax
2ω0

· sinc2

(
∆kz

2

)
, (3.11)

where z is the interaction length and Pmax
2ω0

is the maximum second harmonic output
power. Using these two equations one can plot the conversion efficiency over temperature
and wavelength (see Figure 3.9).
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Figure 3.9: Plot of the conversion efficiency of a SHG depending on the temperature of the crystal
and the wavelength of the pump. The parameters used in this plot are T0 = 107 ◦C, λ0 = 1064 nm
and z = 7.5 mm.

3.3.2 Theory of optical parametric amplification/oscillation—OPA/OPO

This section will mainly focus on the general equations of motion for nonlinear processes
such as SHG, OPA or OPO [BR03, Buc01]. These will be solved for the OPA case which
will lead to a classical and a quantum analysis of the resulting field.

The model for such nonlinear processes inside a cavity is presented including all optical
fields and coupling constants in Figure 3.10. The various optical fields are:

• â and b̂, the fundamental and harmonic cavity mode;

• Âin and B̂in, the fundamental and harmonic input field to the cavity;

• Âout and B̂out, the fundamental and harmonic output field from the cavity;

• δÂloss and δB̂loss, the vacuum modes coupled in by intra-cavity losses; and

• δÂv and δB̂v, the vacuum modes at the output mirror.

Note the propagating fields Âj and B̂j are distinguished from the intra-cavity fields â

and b̂ by using capital letters. The dimensions are also different, whereas the propagating
fields have the dimension of a photon flux or energy flux, the intra-cavity fields have the
dimension of photons or energy. The connection between the propagating and intra-cavity
fields is achieved with the coupling rates κj at each mirror. These are

• κam1 and κbm1, the coupling rates of the mirror m1;

• κam2 and κbm2, the coupling rates of the mirror m2; and
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Figure 3.10: Model for nonlinear processes such as SHG, OPA or OPO inside a cavity. The

relation between the propagating fields (Âin, Bin , Ârefl, B̂refl, Âout and B̂out) and the intra-cavity

fields (â and b̂) are given by the coupling rates κa,b
j . The round trip time of the cavity is given by

τ .

• κaloss and κbloss, the coupling rates for the intra-cavity loss.

For high reflectivities (ρj ≈ 1) the coupling rates κj can be expressed by

κj =
Tj
2τ

, (3.12)

with the power reflectivity Tj of the mirror j and the round trip time τ . To obtain
the propagating fields from the intra-cavity field one can use the following boundary
conditions for the case of high mirror reflectivities (ρj ≈ 1)

Ârefl =
√

2κam1â− Âin ,

Âout =
√

2κam2â− Âv .
(3.13)

The reversible Hamilton operator of such a system is given by [WM94]

Hrev = ~ω0â
†â+ ~ω1b̂

†b̂+
i~ǫ

2

(
â†2b̂− â2b̂†

)
. (3.14)

The first term is related to the fundamental mode, whereas the second term is related to
the harmonic mode. The last term describes the nonlinear interaction between the two
fields. Here ǫ corresponds to the strength of the nonlinear interaction, which depends on
the second order susceptibility χ(2) and experimental parameters such as phase matching,
crystal imperfections and beam focussing.
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Using the quantum Langevin equation [Hak70] and the formalism derived by Gardiner
and Collett [GC85] the equations of motion of the fundamental and harmonic intra-cavity
fields in the rotating frame of the fundamental field can be derived for the case that the
cavity is on resonance

˙̂a = −κaâ+ ǫâ†b̂+
√

2κam1Âin +
√

2κam2δÂv +
√

2κalossδÂloss ,

˙̂
b = −κbb̂−

ǫ

2
â2 +

√
2κbm1B̂in +

√
2κbm2δB̂v +

√
2κblossδB̂loss .

(3.15)

Here κa and κb are the total coupling rates given by κa,bm1 + κa,bm2 + κa,bloss = κa,b. These
equations are valid for the degenerate nonlinear processes such as SHG, OPA and OPO
(Figure 3.8). The special cases only differ in the coupling rates and choice of input fields.
It has been assumed that only vacuum fluctuations are used as input at mirror m2, thus
only the quantum fluctuations δÂv and δÂv are used in the equations of motion. The
input fields Âin and B̂in are normally a combination of a classical coherent amplitude α0

and β0 and quantum fluctuations δÂin and δB̂in.

For the case of an OPA the harmonic pump field is much larger then the fundamental
seed field. Therefore one can assume that the pump field strength will change only slightly
and one can consider the pump field as a classical field and combine it with the nonlinear
coupling constant ǫ to the combined quantity g = ǫb̂ that describes the total nonlinear
gain. The equations of motion for the fundamental field in the OPA process then simplify
to

˙̂a = −κaâ+ gâ† +
√

2κam1Âin +
√

2κam2δÂv +
√

2κalossδÂloss ,

˙̂a† = −κaâ† + g∗â+
√

2κam1Â
†
in +

√
2κam2δÂ

†
v +

√
2κalossδÂ

†
loss .

(3.16)

3.3.2.1 Classical properties of parametric amplification

First of all the classical properties of an OPA are derived. Afterwards an analysis of its
quantum properties is given in the next section. The classical steady state intra-cavity
field is defined by ˙̂a = 0 and â→ α. One can choose the input field Ainto be real without
loss of generality. For the intra-cavity steady state field one finds [Buc01]

α =
(1 + g

κa
)
√

2κam1

κa(1 − | g |2

κ2
a

)
Ain . (3.17)

For the case that no seed field is used (Ain = 0) one finds in general (g < κa) only the
solution α = 0. But directly at the threshold, which is defined by g = κa a second solution
is possible with α 6= 0. The cases at and above the threshold have not been studied in
this thesis.

The propagating output field is then found by combining Equation 3.13 with Equa-
tion 3.17 resulting in

Aout =
(1 + g

κa
)
√

2κaκam1

κa(1 − | g |2

κ2
a

)
Ain . (3.18)
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Figure 3.11: Classical gain of an optical parametric amplifier

A comparison of this output field with the output field for zero gain results in

Aout

Aout|g=0

=
1 + g

κa

1 − | g |2

κ2
a

. (3.19)

This can be expressed in terms of the optical output power Pout of the cavity, which
represents the classical gain G

G =
P out

P out|g=0

=

(
1 + g

κa

)2

(
1 − | g |2

κ2
a

)2 . (3.20)

The term g/κa reflects the ratio of the actual harmonic pump field strength to the thresh-
old pump field strength and is equal to the ratio B/|Bthr |. As result we find

G =
P out

P out|g=0

=

(
1 + B

Bthr

)2

(
1 − | B

Bthr
|2
)2 . (3.21)

The equation describes the classical gain of the parametric OPA process. Below the
threshold two distinct cases for amplification and deamplification are found. These two
cases differ in the phase of the harmonic pump field. Amplification is found for B to be
real and positive, whereas deamplification is found for B being real and negative. This
behavior is shown in Figure 3.11.

3.3.2.2 Quantum properties of parametric amplification

The quantum properties of the optical parametric amplifier reflect the classical properties,
but here the quantum fluctuations are being amplified and deamplified, leading to phase
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quadrature and amplitude quadrature squeezing, respectively. The spectrum of the OPA
output field has to be derived to see this behavior. Therefore, the quadrature operators X̂1

and X̂2 are needed, which can be deduced from the equations of motion in Equation 3.16.
Using the definition of the quadrature operators from Equation 2.25 and assuming that
g is real, one obtains the quadrature amplitudes for the intra-cavity field [Buc01]

˙̂
X1,a = −κaX̂1,a + gX̂1,a +

√
2κam1X̂1,in +

√
2κam2δX̂1,v +

√
2κalossδX̂1,loss ,

˙̂
X2,a = −κaX̂2,a − gX̂2,a +

√
2κam1X̂2,in +

√
2κam2δX̂2,v +

√
2κalossδX̂2,loss .

(3.22)

The frequency dependence of the quadrature amplitudes is found by the Fourier transform

iΩX̃1,a = −κaX̃1,a + gX̃1,a +
√

2κam1X̃1,in +
√

2κam2δX̃1,v +
√

2κalossδX̃1,loss ,

iΩX̃2,a = −κaX̃2,a − gX̃2,a +
√

2κam1X̃2,in +
√

2κam2δX̃2,v +
√

2κalossδX̃2,loss .
(3.23)

Here Ω corresponds to the sideband frequency besides the carrier frequency, which is the
actual frequency of interest.

Together with the boundary condition for the in- and output given by Equation 3.13
one obtains the frequency-dependent output quadrature amplitudes

X̃1,a(Ω) =
2
√
κam1κ

a
m2X̃1,in + (2κam2 − iΩ − κa + g)δX̃1,v + 2

√
κam2κ

a
lossδX̃1,loss

iΩ + κa − g
,

X̃2,a(Ω) =
2
√
κam1κ

a
m2X̃2,in + (2κam2 − iΩ − κa − g)δX̃2,v + 2

√
κam2κ

a
lossδX̃2,loss

iΩ + κa + g
.

(3.24)

The spectrum of the quadrature fields is then found to be

V1,out(Ω) = 1 + ηesc

4 g
κa

+ 4
κa
m1
κa

(V1,in − 1)

Ω2

κ2
a

+
(
1 − g

κa

)2 ,

V2,out(Ω) = 1 + ηesc

−4 g
κa

+ 4
κa
m1
κa

(V2,in − 1)

Ω2

κ2
a

+
(
1 + g

κa

)2 ,

(3.25)

with the escape efficiency ηesc = κam2/κa, which determines the efficiency with which the
squeezing may exit the OPA cavity. For high reflectivities of the mirrors m1 and m2 one
can substitute the coupling rates by

κam1 =
Tm1

2τ
, (3.26)

κam2 =
Tm2

2τ
, (3.27)

κaloss =
Tloss

2τ
, (3.28)

with Tj being the power transmissivity of the corresponding element and τ the cavity
round trip time. This leads to Equation 2.94 for the escape efficiency used in Section 2.11.
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Figure 3.12: Optical layout of three different nonlinear cavities

It is essential to have small losses to maximize the escape efficiency. For a more detailed
analysis of Equation 3.25 see Section 2.11.

In the limit of weak input couplings, meaning κm1 ≪ κa the second term of the
numerator can be neglected. Substituting g/κa again with the ratio B/|Bthr | of the
pump actual field strength to the threshold value, one can rewrite Equation 3.25 to

V1,out(Ω) = 1 + ηesc

4 B
|Bthr |

Ω2

κ2
a

+
(
1 − B

|Bthr |

)2 ,

V2,out(Ω) = 1 − ηesc

4 B
|Bthr |

Ω2

κ2
a

+
(
1 + B

|Bthr |

)2 .

(3.29)

It is easily to be seen that the best squeezing is achieved at the threshold. The best
amplitude squeezing is achieved for B/|Bthr | = +1 and the best phase squeezing for
B/|Bthr | = −1.

The classical analysis led to the result that a classical field entering through the input
coupler can best be deamplified to a quarter of its initial value. On the contrary, the
quantum analysis for the weak input coupling regime shows no limit for the deamplifica-
tion. Leaving the weak coupling regime by using the equations 3.25, any noise entering
the input mirror (V1,2,in − 1) is indeed deamplified to a quarter of its initial value as it is
predicted by the classical result.

3.3.3 Nonlinear cavities

In this section the optical and mechanical setup of the implemented nonlinear cavities
will be introduced. Afterwards the SHG and OPA/OPO cavity and their parameters are
presented in detail.

3.3.3.1 Optical layout

Throughout this thesis three different types of nonlinear cavities are used (Figure 3.12).
All nonlinear cavities use a hemilithic cavity design where the resonator is formed by
an outcoupling mirror and the back surface of the nonlinear crystal (Figure 3.14). The
crystals are basically MgO:LiNbO3 (Figure 3.13), where the MgO doping varies between
5–7%. Generally their front surface is flat and coated with an anti-reflective (AR) coating
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Figure 3.13: Photo of a MgO:LiNbO3 crystal

for the fundamental (R1064 nm < 0.05%) and harmonic wavelength (R532 nm < 0.2%).
The back surface is curved and has a radius of curvature RoC=8mm and exhibits a
high reflective (HR) coating for both wavelength. The dimensions of the crystal slightly
differ between the experiments presented throughout this thesis, mostly crystals with a
dimension of 2 × 6.5 × 2.5 mm (length×width×depth) with respect to the orientation
shown in Figure 3.14. For the used wavelength of 1064 nm and 532 nm these crystals
show absorption. The losses for the individual wavelength were measured to be l1064 nm ≈
0.1%/cm and l532 nm ≈ 0.3 − 1%/cm, depending on the specific crystals used.

In the first squeezing experiments described in this chapter and in Chapter 4, modu-
lation plates—orientated perpendicular to the optical axis of the crystal—were used for
generating an internal phase modulation onto the optical fields via the electro-optical
effect [Sie86] utilizing an electrical resonance (see Section 3.3.4) for the generation of
an error signal for the length of the nonlinear cavities. In the experiments presented in
Chapters 5 and 6 this internal phase modulation has been substituted by an external
phase modulation using an EOM. Hence, the modulation frequencies do not depend on
a resonance and can be chosen independently.

A general difference between the SHG and OPA/OPO is the reflectivity of the out-
coupling mirror. In the case of a SHG a high reflectivity for the fundamental field is
needed. Hence, the interaction time or length between this field and the nonlinear crystal
can be increased utilizing a good conversion efficiency, despite the fact that the suscepti-
bility χ(2) of MgO:LiNbO3 is very small compared to other nonlinear materials [God06].
The prospects for the outcoupling mirror reflectivity of an OPA/OPO are different. The
amount of squeezing depends primarily on the average pump power (see Equation 3.29).
Hence, the reflectivity for the pump wavelength can be used to control the internal pump
power if the overall available power is limited. Moreover, the reflectivity for the funda-
mental wavelength is linked with the escape efficiency and the cavity linewidth. Both of
these influence the amount of squeezing likewise. The cavity linewidth is responsible for
the frequency dependent amount of squeezing because only quantum noise that enters
the cavity can be affected by the nonlinear effect. The escape efficiency, determined by
the reflectivity for the fundamental wavelength and the transmissivity of the AR coating
on the front surface of the crystal, on the other hand controls the loss of the produced
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Figure 3.14: Representative schematic of the optical layout of a nonlinear cavity and the beam
profiles of the fundamental and harmonic fields. Power reflectivity values of the coated surfaces
are given for the SHG.

squeezed field inside the cavity. A high escape efficiency results in low losses on the pro-
duced squeezing and vice versa (details see Equation 2.93). This effect is visualized in
Figures 2.21 and 2.22.

Overall there exist three reasonable cases for the composition of the two internal light
fields, which would result in a working OPA/OPO. The individual field strengths are con-
trolled by the two mirror reflectivities. The different cases are presented in Figure 3.15.
It shows the transmission of an OPA/OPO cavity for diverse outcoupling mirror reflec-
tivity combinations of R1064 nm and R532 nm. The first and third combinations are used
throughout this thesis, whereas the second case for our wavelength and crystals generally
caused locking problems due to the large thermal effects that are produced by the high
internal harmonic power due to the higher absorption for 532 nm. The fourth case uses
the same reflectivities as the third one, but shows a more realistic situation. Here the
transmission peaks are not overlapping at their maxima. The reason is a wavelength spe-
cific phase shift at the crystals HR coated back surface. This causes different resonance
conditions for the two used wavelength. For achieving a result as presented in the third
case of Figure 3.15, this additional phase shift has to be taken into account.

The other difference between the SHG and the OPA/OPO is the optical layout of
the incoming fields. A comparison of the SHG, OPA and OPO is shown in Figure 3.12.
The SHG is a cavity for the fundamental wavelength, which enters the cavity through
the outcoupling mirror. The length control is generally performed with a PDH locking
scheme. Phase modulation sidebands are imprinted onto the fundamental field by an
external EOM or by the modulation plates inside the nonlinear cavity. The needed
photodiode, detecting the induced amplitude modulation is placed in transmission, behind
the back surface of the crystal. The generated harmonic field propagates through the
outcoupling mirror and is separated from the incoming fundamental field with a dichroic
beam splitter cube. A cube is used to minimize the mode distortion for the incoming and
outgoing fields. Compared with a dichroic beam splitter plate under an angle of 45◦, the
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Figure 3.15: Intra-cavity powers of the fundamental and harmonic field for different combinations
of the outcoupling mirror reflectivities. ❶ infrared (IR) cavity outcoupling mirror reflectivities
R1064 nm ≈ 1 and R532 nm = 0.04. ❷ green cavity outcoupling mirror reflectivities R1064 nm ≈ 0.04
and R532 nm = 1. ❸ doubly resonant cavity—high finesse for the fundamental and low finesse for
harmonic field—outcoupling mirror reflectivities R1064 nm ≈ 1 and R532 nm = 0.25, ❹ same as ❸
but an additional phase shift for the harmonic field at the back surface of the crystal has been
taken into account.
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Figure 3.16: Nonlinear cavity: A photo of the nonlinear cavity design is shown on the left-hand
side. To the right the schematic of this setup is illustrated. The cavity is formed by the crystal’s
back surface, housed in the oven, and the outcoupling mirror, mounted with a counterweight into
a six-axis mirror mount. Both—oven and mirror mount—share a base plate, which makes an
adjusted cavity portable without introducing any misalignment.

mode matching efficiency was increased by at least 5%.

The OPA cavity is pumped with a strong harmonic field that enters and leaves the
cavity through the outcoupling mirror. The length of the cavity is controlled by a funda-
mental seed field that is coupled in through the backside of the crystal. For the control
a photodiode is placed in reflection of the back surface. The generated bright3 squeezed
field propagates through the outcoupling mirror and is separated from the harmonic pump
field with a dichroic beam splitter cube.

The OPO cavity uses the same layout as the OPA cavity. The only difference is, that
the former classical seed field in the case of an OPA is replaced by a vacuum field for the
OPO. This enables the generation of squeezed vacuum fields4. The problem in the case
of an OPO is the length control of the cavity to satisfy the frequency selection of the
generated squeezed vacuum. In Chapter 6 one possible locking scheme for OPO cavities
is described in detail.

3.3.3.2 Mechanical setup

The mechanical setup of the nonlinear cavities has changed during my Ph.D., but the
main concepts have not. I will present the generic mechanical setup of the nonlinear
cavities with the most simple cavity design. Later in this section this design is modified
in two steps to enhance the performance of the oven and the mechanical stability of the
resonator.

Cavity design MK I

In the previous section the hemilithic design of the nonlinear cavity was introduced. In
Figure 3.16 a photo in comparison to a schematic of this setup is presented. On the left-

3bright squeezed field, because it carries a small part from the seed field carrier
4Compared to a bright squeezed field, a squeezed vacuum field does not contain a carrier.
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Figure 3.17: The schematic of the first oven design presented from the front. The inner part,
containing the crystal and modulation plate in the center is surrounded by the resistive heated
aluminum outer part.

hand side one can see the mount for the outcoupling mirror. The half inch sized mirror
is embedded into a brass counterweight together with a PZT. On the front face the stack
made of the counterweight, the PZT and the mirror is clamped together with a aluminum
cap. A Viton ring between the cap and the mirror protects the mirror from local stresses.
The counterweight is screwed onto a K6X six-axis mirror mount from Thorlabs. On the
right-hand side the aluminum oven is located, that houses the crystal. Both elements—
mirror mount and oven—are unified on one aluminum base plate. This makes the design
portable without misaligning the cavity. The embedment of the outcoupling mirror into
the six-axis mirror mount simplifies the alignment of the cavity and the adjustment of
the cavity’s air gap. A disadvantage of this design is that the cavity’s rigidity is low,
which limits the locking performance. Mechanical drifts of the mirror mount also result
in misalignments of the cavity.

The phase matching temperature of 5% doped MgO:LiNbO3 for 1064 nm and 532 nm
is around 106◦C (see Equation 3.10). The 7% doped crystals have a phase matching
temperature of approximately 67◦C. As a consequence the nonlinear crystal needs to be
heated. Hence, the crystal is embedded into an aluminum oven, which is used as a heat
bath. The basic setup of the oven is shown in Figure 3.17. In the center the MgO:LiNbO3

crystal is located, with an end face of 2.5 × 5 mm. The crystal is thermally contacted
to the outer surrounding aluminum oven with T-shaped copper plates. To the sides of
the crystal two rectangular shaped copper plates are located. These could be used for
the internal modulation of the refractive index—inducing phase modulation sidebands
on the internal light field—by applying a voltage with a modulation frequency Ω. The
electrical insulation to the oven is achieved with macor plates between the copper plates
and the aluminum oven. For a simplified assembly this inner part of the oven consists
of the crystal, the four copper plates and the two macor plates and is embedded into a
small aluminum block, which itself is mounted into the outer U-shaped aluminum oven.
The outer part of the oven contains six resistive heaters—each has 12 Ohm such that
the parallel circuit results in a total resistance of 2 Ohm—and the temperature sensor
which is mounted near the intersection of the inner and outer oven part. The temperature
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sensor is a simple NTC5, which shows a high accuracy in the desired temperature range.
This design has two big disadvantages. First, the NTC is near the resistive heaters

but far away from the crystal. Hence, the temperature control loop controls the crystal’s
temperature to within a very low accuracy and large delay time. The second disadvantage
is the lack of active cooling. The resistive heaters transform a current into heat. If the
current drops to zero, no more heat is produced. Due to the thermal isolation of the
oven the only cooling mechanism is radiation. This is a very slow process compared to
the heating via resistors. As a result the thermal control of the oven is very asymmetric,
which makes the control performing non-optimal.

Oven design MK II

A new oven design has been developed to solve the problems of the first oven. The
main problem of the first oven design was a bad temperature control due to the position
of the temperature sensor and the resistive heaters. These allowed only active heating
whereas cooling was achieved only due to the emission of thermal radiation. The new
design of the oven uses a different inner part consisting of Peltier elements for active
heating and cooling. A schematic of the inner setup and a photo of the oven can be
found in Figure 3.18. The outer surrounding of the oven has not been changed. The
resistive heaters can be installed optionally to use the outer part as a heat bath for the
Peltier elements. Hence, large temperature gradients between the Peltier elements and
the aluminum oven can be minimized. The newly used Peltier elements6 are compatible
with high temperatures and allow an operation up to 150◦C. Two Peltier elements were
used in the inner part of the oven and are placed below and on top of the crystal. To the
sides of the crystal macor plates have been placed as a thermal shield avoiding thermal
fluxes into or from the outer part of the oven. The crystal is thermally contacted to
two L-shaped copper plates via 0.1mm thick indium foil to the Peltier elements. This
guarantees the best thermal flux between the Peltier and the crystal. Each of the L-
shaped copper plates contains a small drilling into which a NTC temperature sensor can
be placed. A small distance of approximately 2.5mm to the center of the crystal ensures
a good signal quality for the temperature stabilization servo. The front and back surfaces
of the inner oven part are covered with macor. This minimizes the thermal fluxes between
the inner part and the laboratory. Optical access for the laser beams was ensured by two
small holes with a diameter of 2.5mm.

A further improvement to the design of the oven is the material mixture that is used
for separating the inner from the outer oven part. The inner part of the oven is placed into
a copper U-shaped case that is separately mounted into the aluminum surrounding. The
old design used an aluminum to aluminum connection, which tended to form a unified
aluminum block once heated to the phase matching temperature. The new material
mixture solves this problem and an easy disassembly of the oven is guaranteed.

Compared to the old design, the new oven allows a much more accurate control of
the setpoint, thereby decreasing the smallest possible temperature step size by a factor
of three. Furthermore, the smaller distance between the NTC and the crystal largely

5Manufacturer: Conrad Elektronik, Type: NTC-SEMI833, Part number: 188506
6Manufacturer: Eureca Messtechnik, Type: TEC1M-9.1-9.9-4.3/76-D
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Figure 3.18: A photo of the new oven design (left) and a schematic showing the internal setup
(right). The crystal is thermally shielded from the outer surrounding with macor and Peltier
elements which are used to control its temperature. The corresponding temperature sensor is
placed besides the crystal and is part of the Peltier-copper-crystal sandwich. The outer part of
the oven can be optionally heated with resistive heaters to minimize the temperature gradient
between the inner and outer oven parts.

reduced the delay time. As a result the response of the control loop to a temperature
change is much faster and the settle time, the time until the actual temperature reaches
the setpoint temperature, could be increased by at least a factor of six. As an example,
if the temperature was changed only by a small amount of some micro-kelvin, the old
oven needed at least a minute to reach the new setpoint, whereas the new oven needed
roughly 10 seconds to reach the setpoint.

In summary all the new advantages and features compared to the old oven design
allowed a much more stable control of the temperature. Hence, the phase matching
temperature of the crystal could be controlled more accurately and the generated optical
beam had a much higher quality.

Cavity design MK II

The new oven design described in the previous section gave rise to a new cavity design,
which minimized mechanical instabilities due to the separation of the outcoupling mirror
mount and the oven that houses the crystal. The cavity—formed by the crystals back
surface and the outcoupling mirror—contained a large air gap, due to the hemilithic setup
with two separated mounts. This gap allows almost free movement of the air and also
turbulences due to the temperature gradient between the mirror mount and the oven.
A cover placed onto the oven suppressed such effects only by a small amount. Another
disadvantage of the old cavity design was, that the outcoupling mirror and the crystal
were placed in separate mounts. This non-rigid mechanical setup resulted in individual
movements between theses two mounts, changing the cavity length. Hence, a new way of
mounting the outcoupling mirror to the oven had to be developed in collaboration with
my colleague B. Hage.

The new cavity design solved both problems mentioned in the former paragraph. A
schematic of this new design is presented in Figure 3.19. The six-axis mirror mount is
replaced by an aluminum plate that houses the outcoupling mirror and the PZT needed
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Figure 3.19: CAD explosion drawing of the new quasi-monolithic cavity design. The new out
coupling mirror mount drawn semitransparent is shown on the left-hand side. It houses the
outcoupling mirror and the PZT. These two are pressed together by an aluminum cap with an
embedded Viton ring. This rigid outcoupling mirror mount is screwed directly onto the oven. In
the center of the drawing, the yellow MgO:LiNbO3 crystal is embedded into the two L-shaped
copper plates and the Peltier elements. This inner part is thermally shielded with macor and
placed into the U-shaped copper case attached to the aluminum surrounding. Optionally this
outer part of the oven can be heated with resistive heaters to a temperature near the phase
matching temperature.
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Figure 3.20: Photos of the new nonlinear cavity integrated into the experimental setup. One
can recognize the cavity setup has decreased its size largely. The same base plate that housed
formerly only the oven and the outcoupling mirror, now offers enough space for the hole cavity
and the dichroic beam splitter cube. This simplifies the mode matching into the cavity.

for the active length control of the cavity. The sandwich of the PZT, outcoupling mirror
and a Viton ring is pressed together with the help of a small aluminum cap. This resulted
in a improved pre-load of the PZT which was still able to expand almost freely. This
new outcoupling mirror mount is then screwed directly onto the oven, thereby forming
a quasi-monolithic cavity. The rigid setup increased the long term stability by an enor-
mous amount. An once aligned cavity did not have to be realigned after several month.
Obviously the initial alignment of the new cavity design is more challenging than before
with the six-axis mirror mount. But if the assembly was done precisely it took only a
couple of minutes for pre-aligning the outcoupling mirror. The accurate alignment was
achieved with a mirror set matching the parameters of the incoming beam to the cavity
parameters. The implementation of the new design into the experimental setup can be
seen in Figure 3.20.

3.3.3.3 Temperature stabilization

The temperature stabilization of the MgO:LiNbO3 crystal inside the oven of the SHG,
OPA and OPO was achieved with an active control loop. A negative temperature co-
efficient (NTC) thermistor7, placed near the crystal inside the oven, senses its actual
temperature. The temperature-dependent resistance can be used to stabilize the tem-
perature of the oven. A temperature controller8 senses the actual resistance of the NTC
and compares it with a desired resistance value. The slope of the temperature-dependent
resistance is evaluated and an error signal is generated by the internal PID servo of the
temperature controller. This error signal is fed back to the resistors or Peltier elements
of the oven and changes the actual temperature until it matches the desired one. The

7Manufacturer: Conrad Elektronik, Type: NTC-SEMI833, Part number: 188506
8Manufacturer: Wavelength Electronics, Type: LFI3751 DIGITAL
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maximum output current of the controller is 5 A. The temperature controller also allows
a transformation of the measured resistance into a temperature, which is then displayed
at the front instead of the resistance. The temperature-resistance behavior can be ap-
proximated by the Steinhart-Hart Equation

1

T [◦K]
= A+B lnR [Ohm] + C lnR [Ohm]2 . (3.30)

The three coefficients A,B, and C are typically given in the data sheet of the NTC. The
temperature display mode of the temperature controller is best if the main interest is the
absolute temperature of the oven. It is not appropriate for the temperature stabilization
of the nonlinear crystals, whereas an accurate temperature has to be stabilized in the milli-
Kelvin region. Hence, the resistance mode was mostly used. The commercial temperature
controller utilizes a digital PID servo to generate the feedback signal. Officially this
controller is equipped with an analog input. It turns out, this input is not internally
connected to the digital PID. As a consequence, the analog input cannot be used at
all. Therefore a custom-made temperature controller with an analog input has been
developed (see Appendix C.1), which allows the measurement of transfer functions of the
oven. The custom-made temperature controller also shows a much better performance
than the commercial one, which makes the custom-made controller the favorable one.

3.3.4 SHG cavity

The SHG used in this first experiment is based on the MK I cavity layout introduced
in Section 3.3.3.2. The approximate pump power of the SHG is 1.1W. The outcoupling
mirror of the SHG has a flat surface which is AR coated (R1064 nm < 0.15% and R532 nm <
0.2%) for both wavelength and a curved surface with RoC=25mm and power reflectivities
of R1064 nm = 92% and R532 nm ≈ 4%. The used crystal is a flat/curved MgO:LiNbO3

with 5% MgO doping. The physical dimensions of the crystal are 2.5 × 7.5 × 5 mm
(length×width×depth) with respect to the orientation shown in Figure 3.14. The flat
surface of the crystal holds an AR coating with R1064 nm < 0.05% and R532 nm < 0.2%,
whereas the curved back surface with a RoC=10mm is HR coated (R1064 nm = 99.96%
and R532 nm = 99.9%). The cavity for the fundamental wavelength is formed and has
a waist size of approximately 27µm inside the nonlinear crystal. The air gap between
the outcoupling mirror and the crystal’s flat surface is approximately 23 mm resulting in
an FSR=3.77MHz for the SHG. The reflectivities of the mirrors limit the linewidth to
∆νSHG = 50 MHz which corresponds to a Finesse of F = 75. The temperature control of
the crystal was based on the Wavelength Electronics temperature controller and has been
described in detail in Section 3.3.3.3. Scanning the temperature from below to above the
phase matching temperature reveals the sinc-function presented in Equation 3.10 (see
Figure 3.21). Taking the mode matching efficiency into account, the conversion efficiency
is approximately 65% producing a harmonic field with an output power of 650 mW at
phase matching temperature.
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Figure 3.21: Harmonic output power of the SHG while the temperature of the crystal is changed
from below the phase matching temperature to above. The sinc-function structure with one large
maximum and two small local maxima beside the absolute maximum is clearly visible.

3.3.4.1 Cavity length locking scheme

The SHG length control scheme is comparable to the control of the modecleaner cavity
described in Section 3.2.3. Instead of an external phase modulation with an EOM the
SHG uses an internal modulation scheme to generate phase modulation sidebands on the
intra-cavity fields. There are two possible ways for an internal modulation. A sinusoidal
electrical modulation can be applied either to the modulation plates of the SHG cavity
changing the length of the cavity by changing the refractive index of the crystal or to
the PZT of the outcoupling mirror, thereby changing the length of the cavity directly.
For the SHG the PZT modulation is used. Figure 3.22 shows the schematic of the SHG
cavity length control. It is worth noting, that on both light fields inside the cavity phase
modulation sidebands are generated. The fundamental field is affected directly from the
length change and thereby phase modulated. The χ(2)-process inside the MgO:LiNbO3

crystal then converts this phase modulated fundamental field into a phase modulated
harmonic field. The frequency used for the modulation is ΩSHG/2π = 19.73 MHz, which
is a resonance frequency of an electrical RC-circuit setup by the HV-amplifier’s output
impedance and the electrical capacity of the crystal including the modulation plates.
This resonance satisfies a good conversion from electrical to mechanical power. The error
signal for the length control is derived by detecting the fundamental field in transmission
of the SHG cavity. A dichroic cube is placed between the cavity’s back surface and the
photodiode to minimize the harmonic field reaching the photodiode. The photocurrent of
the photodiode is processed by a servo generating the error signal. This is then amplified
and fed back to the PZT of the outcoupling mirror. To avoid any cross talk between
the servo and the oscillator used for the internal modulation—both are applied to the
PZT—the error signal coming from the HV-amplifier is low-pass filtered, whereas the
electrical modulation is high-pass filtered before both signals are added and their sum
applied to the PZT.
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Figure 3.22: Schematic of the SHG layout including the cavity length control loop. An oscillation
of ΩSHG/2π = 19.73 MHz is applied to the PZT of the SHG’s outcoupling mirror evoking a
phase modulation to all intra-cavity fields. The transmitted fields are separated with a dichroic
beam splitter cube and the infrared field is detected with a photodiode. The photocurrent is
demodulated with ΩSHG by a mixer and processed with a servo generating an error signal for the
cavity length. This error signal is amplified and fed back to the outcoupling mirrors PZT.

3.3.5 OPA cavity

The OPA used for generating the squeezed field is based on the MK I cavity layout
described in Section 3.3.3.2. The optical and electrical layout is shown in Figure 3.23. The
OPA crystal is identical to the one used in the SHG. The outcoupling mirror of the OPA
has a flat surface which is AR coated (R1064 nm < 0.15% and R532 nm < 0.2%) for both
wavelength and a curved surface with RoC=25 mm and power reflectivities of R1064 nm =
94.7% and R532 nm ≈ 4%. This results in a Finesse of F = 115, which corresponds to a
linewidth of 33 MHz. The FSR of 3.77GHz and the waist size of 27µm are identical to the
SHG’s ones. The temperature control is accomplished with the wavelength controller and
is described in detail in Section 3.3.3.3. Due to the high thermal capacity of the oven and
the limited temperature step size, the pump power is adjusted slightly to approach the
phase matching temperature. The pump field enters and leaves the OPA cavity through
the outcoupling mirror, whereas the fundamental seed field enters the OPA through the
HR coated back surface of the crystal. A 50/50 beam splitter in front of the crystal is
used to separate the ingoing from the outgoing field, which is detected with a photodiode.
The adjustment of the produced squeezing angle θ of the squeezed field is done with a
PZT-mounted mirror in the pump field path, which will be described in Section 3.3.5.2.

3.3.5.1 Cavity length locking scheme

The control scheme of the OPA is presented in Figure 3.23. It uses an internal modulation
scheme to generate the needed phase modulation sidebands. In contrast to the SHG, the
internal modulation of the OPA is evoked by applying an electrical oscillation with fre-
quency ΩOPA/2π = 19.77 MHz to the modulation plates near the crystal. The generated
electrical field changes the refractive index of the crystal resulting in a phase modulation
of all intra-cavity fields. The photodiode placed in reflection at the back surface of the
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Figure 3.23: Schematic of the OPA layout including the cavity length control loop. An oscillation
of ΩOPA/2π = 19.77 MHz is applied to the modulation plates inside the OPA cavity evoking a
phase modulation to all intra-cavity fields. The outgoing fields on the right side are separated
with a dichroic beam splitter cube and the infrared field is detected with a photodiode. The
photocurrent is demodulated with ΩOPA by a mixer and processed with a servo generating an
error signal for the cavity length. This error signal is amplified and fed back to the outcoupling
mirror’s PZT.

crystal is detecting the fundamental infrared outgoing field. A dichroic cube prevents
that parts from the second harmonic field, transmitted through the OPA cavity, are also
detected by this photodiode. The generated photocurrent is demodulated with a mixer
at frequency ΩOPA and processed by a servo generating an error signal for the length of
the OPA cavity. This error signal is amplified and fed back to the outcoupling mirror’s
PZT.

3.3.5.2 Control of the squeezing angle

The control of the squeezing angle is determined by the relative phase between the fun-
damental and harmonic fields inside the crystal (for details see Section 3.3.2). A minimal
outgoing field corresponds to producing amplitude squeezing whereas a maximized out-
going field corresponds to the generation of phase squeezing. In all experiments described
in this thesis the production of amplitude squeezing is favored, which corresponds to a
minimized outgoing field strength. The needed error signal for the control can be derived
from the phase modulation carried by the harmonic pump field. This phase modulation
corresponds to a constant modulation of the relative phase relation with frequency ΩSHG

resulting in a modulation of the outgoing field strength. This modulation can be detected
with the OPA’s photodiode named PDOPA. The demodulation of the provoked photocur-
rent with ΩSHG generates an error signal for the squeezing angle. A servo processed the
error signal and generates the needed feedback signal for a stable control. This feedback
signal is amplified by a HV-amplifier and fed back to a PZT-mounted mirror in the path
of the pump field on the way to the OPA. The complete optical and electrical layout of
the squeezing angle control is presented in Figure 3.24.
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Figure 3.24: Schematic of the SHG layout including the cavity length and squeezing angle con-
trol loop. The relative phase between the harmonic and the fundamental field inside the cavity
determines the squeezing angle of the produced squeezed field (see Equation 2.85b). Hence, this
relative phase has to be stabilized with a control loop to produce only the desired type of squeez-
ing e.g. amplitude squeezing. The phase modulation on the harmonic field with frequency ΩSHG

is used to derive an error signal, which is amplified and fed back to a PZT-mounted mirror in the
path of the harmonic pump field.
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Figure 3.25: Comparison of the two homodyne photodetectors transfer functions

3.4 Experimental area and detection

The aim of this first squeezing experiment presented in this thesis is the generation
of squeezing. For this reason the experimental area, a subsection of the experimental
layout presented in Figure 3.1, only contains a homodyne detector, which is used for the
characterization of the generated squeezed fields. The theory of homodyne detection has
already been presented in Section 2.9.5. Its optical and electrical setup is described in
detail in the following section.

3.4.1 Homodyne detection

The optical layout of the homodyne detector used in this experiment for the characteriza-
tion of the generated squeezed fields is presented in Figure 3.26. The homodyne detector
consists of a 50/50 beam splitter and two custom made photodetectors. These con-
tain Epitaxx ETX-500 InGaAs-photodiodes with a quantum efficiency of approximately
93±3%. The electronic amplification limits each photodetector to a maximal detectable
light power of 10mW. The bandwidth of the photodetectors is measured to be at least
25 MHz (see Figure 3.25). Homodyne detection always assumes to have a perfect 50/50
beam splitter and identical photodetectors. The transfer functions of the two photode-
tectors are not perfectly identical (see Figure 3.25). As a result one of the photocurrents
has to be attenuated by a certain amount to obtain the best results. A variable attenu-
ator was used to compensate the optical and electrical mismatches. The adjustment of
the attenuator is most effectively achieved by minimizing the technical laser relaxation
oscillation.

The optical mode overlap of the two incoming beams has to be matched to minimize
the optical losses which would decrease the squeezing performance. Hence, the amount
of optical components in the path of the squeezed field is minimized as well. Therefore,
the mode matching of the two beams is achieved by adjusting only the local oscillator
beam. The resulting homodyne visibility is measured to be ξ=97.5%.
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Figure 3.26: Schematic of the homodyne detector layout including the homodyne angle control
loop. The squeezed field carries a phase modulation of frequency ΩOPA due to the applied internal
modulation in the OPA cavity (see Figure 3.23). The difference of the homodyne photodiodes
is demodulated with ΩOPA by a mixer and processed with a servo generating an error signal for
the homodyne angle θ. This error signal is amplified and fed back to the PZT-mounted mirror
in the local oscillator path. The difference photocurrent is also parsed by a spectrum analyzer
e.g. measuring the power spectrum of the squeezed beam.

The homodyne angle—meaning the quadrature angle in phase space that the light
field is going to be analyzed in—depends on the relative phase of the local oscillator and
the signal field with respect to each other (see Equation 2.81). For the analysis of the
squeezing performance of an amplitude squeezed beam, the homodyne angle θ has to be
equal to zero, i.e. a maximal asymmetric allocation of the light fields in the beam splitter’s
output ports (see Equations 2.28 and 2.81). The photocurrents are subtracted from each
other with a common mode rejection of approximately 90 dB and the difference is then
measured with a spectrum analyzer.

The control of the homodyne angle is achieved by using the phase modulation of the
squeezed field due to the internal modulation of the OPA. In Figure 3.26 the control
scheme of the homodyne detector is presented in detail. The phase modulation with
frequency ΩOPA is converted by the homodyne detector into an amplitude modulation
which strength depends strongly on the relative phase between the two incoming fields.
For analyzing amplitude squeezed states the difference of the photocurrents has to be
mixed with an electronic local oscillator of frequency ΩOPA. The resulting error signal
is processed by a servo. The generated feedback signal is amplified and fed back to a
PZT-mounted mirror in the path of the local oscillator light field.

3.5 Experimental results

The spectral distribution of the squeezed field generated by the OPA is presented in
Figure 3.27. The squeezed vacuum noise [trace (a)] holds large technical noise—mainly
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Figure 3.27: Amplitude quadrature noise spectra of different quantum states. The blue trace (a)
shows the squeezed vacuum noise of an amplitude squeezed state. At 3.5 MHz it crosses the noise
level of the vacuum noise and shows a noise reduction roughly 2.5 dB with respect to the vacuum
noise shown in red [trace (b)]. The electronic dark noise of the measurement device is presented
in green [trace (c)]

remnants of the laser relaxation oscillation—at frequencies below 3.5MHz. However,
above this frequency the noise drops below the vacuum noise level [trace (b)] by an
amount of 2.5 dB. The feature at 4.7MHz is the beat frequency of the modecleaner’s
and the OPA’s control frequency. The squeezed field was generated with a pump power
of 350 mW resulting in a classical parametric gain of G=7. To generate an amplitude
squeezed field, the OPA has to be locked to deamplification which resulted in a reduction
of the seed field down to a level of 38%. To characterize the squeezing noise performance
the vacuum noise has to be measured as a reference. It can be measured by blocking
the signal port of the homodyne beam splitter. The resulting vacuum noise spectrum is
shown in Figure 3.27 as the red trace (b). Trace (c) represents the electronic dark noise
measured if no light is detected by the photodetectors. This electronic dark noise is a
combination of the photodetector electronic amplifier noise, the differential amplifier noise
and the spectrum analyzer noise. The distance of the vacuum noise to the dark noise can
be adjusted by the local oscillator power. In this experiment the local oscillator power
was 8 mW. In comparison to the power of the squeezed field of approximately 200µW
this satisfies the condition that the local oscillator field has to be much larger than the
signal field (see Section 2.9.5).

The characterization of the squeezed field can also be performed with a zero-frequency-
span measurement. One focuses on a specific sideband frequency and analyzes a time
series of the desired field while scanning the local oscillator phase. In Figure 3.28 such
a zero-span measurement is shown for a sideband frequency of 6MHz. Trace (a) shows
the measurement result for the squeezed field and trace (b) is the corresponding vacuum
noise. The anti squeezing level is roughly 10 dB above the vacuum noise level. Hence,
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Figure 3.28: Zero-span measurement at a sideband frequency of 6 MHz. Trace (a) shows the
time series of the squeezed state generated by the OPA with a gain of G=7, while the homodyne
detector angle is scanned continuously. The corresponding vacuum noise is shown in red [trace
(b)] and the squeezed quadrature is marked by the blue trace (c).

the detected squeezed state is not a pure state. This can be explained by the losses to
the squeezed field. Losses act differently on squeezed and anti-squeezed variances (see
Section 2.9.4 and Figure 2.6 for comparison).

3.5.1 Dark noise correction

The measured vacuum and squeezed vacuum spectra and time series presented in the
former section included the electronic dark noise of the measurement device. If the dark
noise level is close to the measured noise level, the result will be influenced by the dark
noise and tend to be higher then if it would be with a much smaller dark noise. As an
example one can see in Figure 3.27 that the white vacuum noise tends to rise at low
frequencies due to the small distance to the dark noise. This behavior can be eliminated
by a so-called dark noise correction of the measured data. Therefore, the measured dark
noise variance Vd in dBm has to be subtracted from the measured signal variance Vs in
dBm on a linear scale to get the corrected signal variances Vc in dBm. The mathematical
procedure is expressed by

Vc = 10 · log10

(
10

Vs
10 − 10

Vd
10

)
. (3.31)

If one applies the dark noise correction to the data from Figure 3.27, one obtains the dark
noise corrected data shown in Figure 3.29. The vacuum noise shows a white behavior
and the squeezed vacuum noise improvement has increased from 2.5 dB to 3.1 dB due to
the dark noise correction.
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Figure 3.29: Dark noise corrected amplitude quadrature noise spectra of different quantum states.
The blue trace (a) shows the squeezed vacuum noise of an amplitude squeezed state. At 3.5 MHz
it crosses the noise level of the vacuum noise and shows a noise reduction of roughly 3.1 dB with
respect to the vacuum noise shown in red [trace (b)].
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Chapter 4

Frequency-dependent squeezed light

Introduction

This chapter describes an experiment for generating frequency-dependent squeezed light
and characterizes the frequency-dependent squeezed states by measuring their noise power
spectra and by tomography and reconstruction of the quantum states’ Wigner function.
This experiment is motivated by the fact that actual and future GW detectors use signal-
recycling cavities [Mee88] to further enhance the GW signal by sending it multiple times
through the interferometer, thereby increasing the interaction with the mirror test mass.
It has been shown that squeezed light can enhance the sensitivity of such a GW detector
by replacing the vacuum field entering the dark port of the interferometer with a squeezed
field [Cav81, GBL87, JR90, PCW93]. In interferometers with signal recycling techniques
the squeezing-improved sensitivity only shows an enhancement in a small frequency range.
This can be circumvented with the help of a filter cavity preparing the squeezed state
in such a way that the sensitivity improvement can be enlarged over the whole GW
detection frequency band. This has been analyzed theoretically in [HCC+03, SHSD04].
The experimental results of this chapter have been published in [CVH+05].

The chapter is divided into four sections. First we investigate the interaction be-
tween a squeezed state and a detuned cavity. We analyze theoretically how the initial
frequency-independent squeezed state becomes frequency-dependent after being reflected
at the detuned cavity. In the second section the optical layout of the experiment is pre-
sented and the differences to the generic squeezing experiment presented in Chapter 3
are described in detail. The third section will present the theoretical background of to-
mography. The technique to reconstruct the Wigner functions from measured data of
quantum states is described as well as the details of the data acquisition system (DAQ)
and the specific homodyne control electronics used in the experiment. In the last section,
the experimental results including the spectra of frequency-dependent light, and the to-
mographically reconstructed Wigner function of the measured states are described and
interpreted.

4.1 Squeezed light reflected at a detuned cavity

In this section we closely examine the effects on squeezed light if it is reflected at a
detuned (with respect to the carrier) locked cavity. This must be examined in more
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Figure 4.1: Simplified schematic of the gravitational wave detector GEO600. The dashed arrows
represent the relevant vacuum fields entering and leaving the interferometer if optical loss inside
the interferometer is neglected.

detail because the current German-British gravitational wave (GW) detector GEO600
and future generation detectors such as Advanced LIGO will use detuned signal recycling
[Mee88]. It is likely that squeezed light will be used in the future to enhance the sensitivity
of these detectors. Therefore effects happening to the squeezed light from interaction with
the detuned cavity have to be understood beforehand.

4.1.1 Quantum noise inside gravitational wave interferometers

To understand the effects on the squeezed light we have to investigate the general behav-
ior of quantum noise inside GW Interferometers first. In the following we mostly focus
on GEO600 [GEO]: a schematic of its optical layout is presented in Figure 4.1. A more
detailed description of the GW detector GEO600 and its subsystems can be found in
[Gro03, Fre03, Goß04]. GEO600 is currently the only GW detector using the technique
of dual recycling, which is the combination of power recycling [DHK+83] and signal recy-

cling [Mee88]. Power recycling is used to enhance the stored energy in the interferometer
arms and thereby the sensitivity of the interferometer (see [Miz95]). Signal recycling en-
hances the GW signal by reinjecting the signal sidebands back into the interferometer
which would normally leave the interferometer through the dark port. The repeated in-
teraction with the GW test masses enhances the signal and consequently the sensitivity
around the resonance frequency of the signal-recycling cavity (SRC), further. The latter
is formed by the signal recycling mirror (SRM) and the end mirrors of the Michelson
interferometer. In the case of GEO600, the resonance frequency of the SRC is usually
chosen to have an 350 Hz offset to the carrier frequency. In other words, one says that
the SRC detuning is chosen to be 350 Hz. The detuning frequency is only determined
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 full quantum noise, P=7kW
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Figure 4.2: Comparison of strain sensitivities of a simple Michelson interferometer (left) and
the GEO600 configuration (right) shown in Figures 4.3 and 4.1 respectively. Simple Michelson
interferometer: The SQL of this configuration is shown by the red curve. The blue curve shows
the full quantum noise contribution for a laser power of 7 kW inside the interferometer. The
blue dashed curve represents the shot noise contributions and the dotted curve represents the
noise contributions due to radiation pressure noise. To see the individual power scalings of the
different noise sources, the curves for the total noise, shot noise and radiation pressure noise are
given in magenta for a total power of 700 kW. Increasing the power by a factor of 100 results in a
reduced shot noise contribution by a factor of 10 and an increase in the radiation pressure noise
contributions also by a factor of 10. The exact form of the different noise contributions are given
in Equations 4.1 and 4.2. GEO600 configuration: The SQL of the detector is given by the red
curve. In comparison to that of the simple Michelson interferometer, the SQL of GEO600 is a
factor of

√
5 higher due to the different layout. The quantum noise limited sensitivity of GEO600

for 7 kW inside the interferometer is given by the black curve. Compared to the 7 kW curve of the
simple Michelson interferometer, the peak sensitivity is enlarged due to the signal recycling, but
the low and high frequency performance is worse. The decreased sensitivity in the low-frequency
range does not really matter, because generally in a real GW detector seismic noise prevents the
detector from being limited by radiation pressure noise. The decreased sensitivity above 3 kHz is
a tradeoff from the large improvement around the signal recycling resonance frequency.

by the micro scale length of the SRC and can therefore be adjusted quite easily. The
comparison of the quantum noise limited linear noise spectral density of the strain sen-
sitivity between a simple Michelson interferometer without any recycling techniques and
the GEO600 design sensitivity is shown in Figure 4.2. The two quantum noises limiting
the sensitivity are the radiation pressure noise and shot noise. In the case of a simple
Michelson interferometer the contribution of the shot noise to the linear noise spectral
density of the gravitational wave strain amplitude is given by

hs.n(f) =
1

L

√
~cλ

2πP
, (4.1)

for an interferometer with an arm length L, using a laser wavelength of λ and a total
power P inside the interferometer. ~ is the Planck constant and c is the speed of light
in vacuum. Note that hvac is independent of the frequency f , which corresponds to
the gravitational wave frequency. Thus, plotted as a spectrum, the strain amplitude
shows a white frequency dependence. The only non-constant parameters that change
hvac are the length of the interferometer arms and the power inside the interferometer.
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An increase in one of these results in a lower contribution from the shot noise. The
frequency independence and the scaling with the laser power are presented in Figure 4.2.

The contribution from radiation pressure noise to the linear noise spectral density of
the gravitational wave strain amplitude in the simple Michelson case is given by

hr.p.(f) =
1

mf2L

√
~P

2π3cλ
, (4.2)

with the mirror test mass m. In contrast to hvac, hr.p.(f) shows a f−2 frequency depen-
dence. Also hr.p.(f) gets larger for increased laser power. These two properties are clearly
visible in Figure 4.2. As a reference, the standard-quantum limit (SQL) of each GW de-
tector is plotted in both graphs as a red line. Note that the point where the radiation
pressure noise and the shot noise cross each other always lies on the SQL curve because
this point and its power dependency defines the SQL. It is important to understand, that
the quantum noise which limits the sensitivity of a GW detector such as GEO600 does
not originate from the laser source. The source of the quantum noise is the vacuum noise
entering the dark port of the interferometer, as shown in Figure 4.1. Inside it interacts
with the test masses, is back-reflected and then detected with the photodetector in the
dark port of the interferometer. To understand how the vacuum noise fluctuations cause
the radiation pressure effects see [BC02]. The analysis of the power dependency of the
shot noise and radiation pressure noise contributions for the simple Michelson case is
presented in Figure 4.2. The sensitivity in this figure is plotted for two different powers
inside the interferometer, P =1W and P =100W. One can see that by increasing the
power by a factor of 100, the shot noise—which limits the high-frequency range—drops
by a factor of 10. In contrast, the radiation pressure limiting the lower frequency range
is increased by a factor of 10. Hence, one has to make a tradeoff between the power in
the interferometer and the mirror test mass to achieve a good sensitivity in the desired
frequency band.

If one compares the result of the simple Michelson interferometer with the GEO600
design sensitivity curve one can see that the GEO600 design sensitivity is much better in
the frequency band of interest from 10Hz–10kHz than the simple Michelson case. Further-
more, the shape of the sensitivity curve is changed; there is a resonance structure around
350 Hz originating from using signal recycling which also deteriorates the high frequency
performance because the signal-recycling cavity corresponds to a pole of first order. An
additional resonance structure caused by the optical spring [HCC+03] is suppressed in
this simulation by tuning the signal-recycling cavity to the sideband, where the optical
spring is damped instead of resonantly enhanced.

4.1.2 GW detector enhancement with squeezed light

It was first proposed by Caves [Cav81] that squeezed light can be used to increase the
sensitivity of a GW interferometer by injecting it into the dark port of the detector,
thereby replacing the ordinary vacuum with a squeezed vacuum. Later Jaekel [JR90]
showed that even the SQL can be beaten by using squeezed light. The replacement of
the ordinary vacuum with a squeezed vacuum can be achieved by placing a Faraday
rotator into the dark port of the interferometer, which guides the squeezed vacuum into
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Figure 4.3: Simplified schematics of a simple Michelson interferometer (left) and the gravitational
wave detector GEO600 (right). Compared to the simple Michelson interferometer, GEO600 uses
folded arms to double its arm length. Furthermore, it uses power recycling to enhance the light
power inside the interferometer arms which increases the sensitivity. A so-called signal-recycling
mirror placed at the dark port forms the signal-recycling cavity together with the Michelson inter-
ferometer for the GW signal sidebands. This cavity is resonant to a specific sideband frequency.
Thus, the GW generated signal sidebands are sent back to the test masses to sense the GW signal
again. This leads to an enhancement of the sensitivity at frequencies around the of the signal-
recycling cavity’s resonance frequency. The dashed arrows represent the relevant vacuum fields
entering and leaving the interferometer if optical loss inside the interferometer is neglected.

the interferometer, such that it is detected by the photodetector (see Figure 4.3). The
effect of the squeezed vacuum to the sensitivity of the GW detector is comparable to an
increase in the laser power. The improvement scales with the square root of the amount
of injected squeezing. As an example one can inject squeezed vacuum into the dark port
of the interferometer where the variance of the squeezed state is -6 dB=0.25 below the
normal vacuum noise level. The improvement in the sensitivity will be -3 dB=0.5 in the
shot noise limited frequency range. The effect of the injected squeezed vacuum to the
sensitivity of the simple Michelson interferometer can be seen in Figure 4.4. The shot
noise limited sensitivity is enhanced whereas the radiation pressure dominated sensitivity
is reduced by the injection of squeezed vacuum into the interferometer’s dark port. A
broadband improvement can only be achieved with a filter cavity that optimizes the
squeezing angle. Thus, if the limiting noise source is quantum noise and the laser power
cannot be increased further due to thermal effects inside the optical substrates or other
technical limits, the only possibility of enhancing the sensitivity of the GW detector
without changing the detector configuration is the use of squeezed light.

If the configuration of the GW detector is changed from the simple Michelson case
to e.g. the GEO600 configuration—which uses power recycling and signal recycling—
the situation changes. The behavior of squeezing in a signal-recycled GW Michelson
interferometer has been studied in great detail in [HCC+03]. If one injects squeezed
vacuum with the help of a Faraday rotator into the dark port of the interferometer as
shown in Figure 4.3, the squeezed vacuum state gets a frequency-dependent phase shift.
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Figure 4.4: Strain sensitivity of a simple Michelson interferometer with an internal power of 7 kW
(blue curve), in comparison to the improvement which can be achieved with squeezed light with
fixed (magenta curve) and optimized squeezing angle (green curve) injected through the dark
port as shown in the schematic in Figure 4.3. The result is the same as if the laser power has
been increased by a factor of four. The radiation pressure rises and the shot noise drops by a
factor of two, respectively. Squeezing by -6 dB only results in a broadband enhancement of the
strain sensitivity by a factor of two if a filter cavity is used (green curve), which optimizes the
squeezing angle. Compensation of radiation pressure noise by squeezed light is described in detail
in [KLM+01]. The SQL, shown as a red line, is beaten by the optimized squeezed-light-enhanced
strain sensitivity in the range between 40 mHz–4 Hz.
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Figure 4.5: Strain sensitivity of GEO600 with an internal power of 7 kW (black curve). The blue
curve is the resulting strain sensitivity if one injects -12 dB of squeezing into the dark port of the
dual-recycled Michelson interferometer. Figure 4.3 shows how the injection of the squeezing into
the GW detector can be achieved. Squeezing by -12 dB results in an enhancement of the strain
sensitivity by a factor of four only in a small frequency range around the resonance frequency.
At all other frequencies the sensitivity is decreased by a factor of four. The SQL of the GEO600
GW detector is shown as a red line.

This frequency-dependent phase shift leads to a frequency-dependent rotation of the
squeezing ellipse, thereby changing the quadrature in which the best squeezing can be
measured. The change to the sensitivity of the GEO600 detector is shown in Figure 4.5.
Note, that the improvement is not broadband over the full detector bandwidth as it is
the case for the simple Michelson interferometer. Here the improvement of the sensitivity
is only in a small region near the optical resonance frequency. At all other frequencies
the sensitivity is decreased by the squeezing amount. If one starts varying the squeezing
angle (see Section 3.3.5.2 for details on how to change the squeezing angle) one obtains
different sensitivity curves. Each curve shows a maximal increase in the sensitivity at a
different frequency.

As a consequence one has to optimize the squeezing angle for every sideband frequency.
The sensitivity curve of GEO600 with an optimized squeezing angle for every frequency
is shown in Figure 4.6. Optimization of the squeezing angle can be achieved by the use of
filter cavities as proposed in [KLM+01]. Figure 4.7 shows the optical layout of GEO600
including one filter cavity to prepare the squeezed vacuum state such that the effects of
the signal-recycling cavity are cancelled and a broadband increase in the sensitivity can
be obtained.

The quantum noise in the sideband picture will be analyzed in Section 4.1.4 to un-
derstand the influences on the squeezed vacuum due to the reflection at the detuned
signal-recycling cavity. However, a detailed mathematical description of the generation
of frequency-dependent light is given in the following section.
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Figure 4.6: Strain sensitivity of GEO600 with an internal power of 7 kW (black curve). The blue
curves are the resulting strain sensitivities if one injects -12 dB of squeezing into the dark port of
the dual-recycled Michelson interferometer with different initial squeezing angles. Note, that for
each squeezing angle the strain sensitivity is enhanced by a factor of four at a different frequency
i.e. the squeezing angle has to be optimized for every frequency. After such an optimization one
obtains the magenta curve, which shows a broadband increase in the strain sensitivity. The SQL
of the GEO600 GW detector is shown as a red line and is surpassed in a small frequency range
by the squeezing enhanced strain sensitivity with optimized squeezing angle.
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Figure 4.7: Simplified schematic of the gravitational wave detector GEO600 as already presented
and described in Figure 4.3. Here an additional filter cavity is added to compensate the effects of
the signal-recycling cavity, detuned to a frequency Ωc, onto the injected squeezed vacuum. The
properties of the filter cavity are matched to those of the signal-recycling cavity to ensure that
the dispersions of the cavities are the same. The effects of the signal-recycling cavity are only
compensated if the filter cavity is locked to the opposite sideband frequency −Ωc.
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4.1 Squeezed light reflected at a detuned cavity

4.1.3 Theoretical description of frequency-dependent light

A single mode of the electromagnetic field can be described by its field amplitude or
annihilation operator â(ω), which has the commutation relation [â(ω), â†(ω)] = 1. The
non-Hermitian operator â(ω) can be decomposed according to

√
ω0 + Ω

ω0
â(ω0 + Ω) =

X̂1(Ω) + iX̂2(Ω)√
2

, (4.3)

√
ω0 − Ω

ω0
â†(ω0 − Ω) =

X̂1(Ω) − iX̂2(Ω)√
2

, (4.4)

where X̂1,2(Ω) are the amplitude (subscript 1) and phase (subscript 2) quadrature opera-
tors of the two-photon formalism acting in the space of modulation frequencies Ω [CS85].
Correspondingly, the carrier frequency of the field is denoted by ω0. The discrete com-
mutation relation [X̂1(Ω), X̂†

2(Ω)] = i follows directly from the commutation relation of
â(ω) and â†(ω). This relation places a fundamental limit on how well one quadrature of
an optical beam can be determined, given some knowledge of the orthogonal quadrature.
This is expressed by the uncertainty relation

∆2X̂1(Ω)∆2X̂2(Ω) ≥ 1

4
, (4.5)

where the operator variances are denoted by

∆2X̂1,2 =
1

2
〈X̂1,2X̂

†
1,2 + X̂†

1,2X̂1,2〉 − |〈X̂1,2〉|2. (4.6)

For pure states minimum uncertainty is given by the equal sign in Equation 4.5. For
conciseness where possible we omit the explicit frequency dependence (Ω) and since Ω ≪
ω0, we introduce the following approximation to Equation 4.3

X̂1 =
â+ â†√

2
, (4.7)

X̂2 =
â− â†

i
√

2
. (4.8)

One should keep in mind that amplitudes on the right-hand side act at different sideband
frequencies; however, for all practical purposes, the quadrature amplitudes are Hermitian
operators and therefore will be used as representatives of measurement results. With their
continuous eigenvalue spectra, these operators span the phase space where the Wigner
function is defined. An arbitrary quadrature in this phase space can be defined as

X̂θ =
1√
2
(âe−iθ + â†eiθ) (4.9)

or X̂θ = â1 cos θ + â2 sin θ . (4.10)

We move into the rotating frame at carrier frequency ω0 where the carrier (local
oscillator) is stationary on the real axis. Using a photodiode and demodulating the
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Chapter 4 Frequency-dependent squeezed light

photoelectric current at Ω we actually observe the beat of the two sidebands contrarily
rotating at ±Ω with the carrier. If some apparatus changes the phase of only one sideband
by the angle Φ keeping the carrier as well as the other sideband unchanged, we find that
the quadrature angle of constructive interference changes by half the amount of the single
sideband rotation,

X̂θ′ =
1√
2
(âeiθ + â†e−i(θ+Φ))

=
e−iΦ/2√

2

(
âeiθ

′
+ â†e−iθ

′
)

(4.11)

with θ′ = θ + Φ/2 .

The transfer function ρ of the reflection from a cavity with round-trip length 2L and
reflectivities r1 and r2 is given by

ρ(Ω) =
r1 − r2 e

2i(Ω−Ωc)L/c

1 − r1r2 e2i(Ω−Ωc)L/c
, (4.12)

where ω0 + Ωc is a resonance frequency (see Appendix E). Hence, sidebands are phase
shifted by the amount arg(ρ), which depends on the sideband frequency Ω. As we will
see in Section 4.2.1, a reflectivity for r2 is chosen close to unity, resulting in a strongly
overcoupled filter cavity.

Now consider squeezing at a certain frequency generated by the beat of two sidebands
with the carrier. A squeezed state | r, θ, α 〉 is obtained by applying the squeezing operator
[WM94]

S(r, θ) = exp
{
−r [exp(−2iθ) â2 − exp(2iθ) â†2]

}
(4.13)

to a coherent state |α 〉 . The resulting squeezed state comes with the desired noise power
reduction of exp (−r) in quadrature X̂θ compared to coherent noise. Exactly as in classical
sideband modulations the phase relation of the sidebands and the carrier determine the
quadrature angle, here the angle of the squeezed quadrature.

Initially, the angle of the squeezed quadrature does not depend on frequency and the
variance of the quadrature operator ∆2X̂θ reads [Har02]

∆2X̂θ = cosh(2r) − sinh(2r) cos[2(θ − θs)] . (4.14)

The light beam noise powers are therefore white in frequency space at all angles when
leaving the source. If the squeezed beam is then reflected from a detuned cavity having
a small linewidth compared to its detuning, the squeezing angle in phase space, θs, will
depend on the sideband frequency by virtue of arg(ρ) in Equation 4.12, yielding

θs(Ω) = θOPA +
1

2
arg[ρ(Ω)] . (4.15)

Here θOPA is the initial, frequency-independent, but variable angle of the squeezed quadra-
ture.
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Figure 4.8: Representation of the vacuum ❶ and squeezed vacuum ❷ in the sideband picture. The
vacuum is represented by an ensemble of phasors, each located at an individual frequency. The
variance of the length distribution of the phasors is determined by the zero-point energy of the
quantum mechanical oscillator at that frequency. The phase of the phasor is completely random.
Thus, there exists no correlation between the phasors at ±Ω. The sideband picture representation
of a perfect squeezed state is shown in ❷. In contrast to the vacuum shown in ❶, the squeezed
vacuum shows perfect correlations between the upper and lower sidebands at frequencies ±Ω. The
state shown here is a perfectly phase squeezed state, meaning that the beat of the sidebands at
±Ω adds up in the amplitude quadrature and vanishes completely in the phase quadrature.

The time-dependent normalized quadrature fields q̂1,2,θ(Ω, t) whose variances are di-
rectly proportional to our measurement quantities are defined by

q̂1,2,θ(Ω, t) = X̂1,2,θ(Ω)e−iΩt + X̂†
1,2,θ(Ω)eiΩt . (4.16)

Note that the right-hand side of Equation 4.5 is equal to unity if the quadrature fields
q̂1,2(Ω, t) are considered instead of its amplitudes.

The following section gives a more figurative and intuitive explanation of the genera-
tion of frequency-dependent light by reflecting a frequency-independent state at a detuned
locked filter cavity.

4.1.4 Frequency-dependent light in the sideband picture

Section 2.10 already discussed quantum noise in the sideband picture. Here a more
simple picture is used to introduce the properties of quantum noise and squeezing, which
is then used to give a simple explanation to understand the effects on squeezed vacuum
by reflection at a detuned cavity.

Figure 4.8 (left) represents vacuum noise in the sideband picture. At each frequency
there exists an individual phasor in quadrature phase space with a certain length and
a random phase. The origin of these phasors is the non-vanishing ground state energy
of the quantum mechanical oscillators at the frequencies Ω; often called the zero-point
fluctuations. Because the phase of each phasor is distributed in a completely random
way, there are no correlations between the phasors at ±Ω. Thus, the beat between these
two sidebands measured for example with a photodetector is also completely random. In
a measured spectrum this causes the white vacuum noise floor.

Compared to the vacuum noise in the sideband picture, a perfectly phase squeezed
state is also presented in Figure 4.8. Here a perfectly squeezed state is chosen for sim-
plification. The differences between the two are quite obvious. The squeezed state shows
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Figure 4.9: Representation of the squeezed vacuum state in the sideband picture, presented in
Figure 4.8 ❷, after reflection at a cavity, which is slightly detuned to the reference frequency by
Ωc. The frequency-dependent reflectivity (red) and dispersion (blue) of the cavity are overlapped
with the sideband picture. For large frequencies ±Ω the phase shift added to the phasors is
±180◦ due to the reflection at the cavity. Around the resonance frequency the phase shift is
smaller than 180◦ and becomes 0◦ exactly at the resonance frequency Ωc. Thus, the quadrature
of the squeezing, where it can be detected optimally, changes with frequency. For large frequencies
±Ω, the squeezing quadrature is still the phase quadrature. Directly at the resonance frequency
the squeezing is now found to be in the amplitude quadrature due to the fact that only the
negative sideband is phase shifted by 180◦. Around the resonance the squeezing quadrature
changes continuously with rising frequency from the phase quadrature to amplitude quadrature
and back to phase quadrature. This behavior can be interpreted as a frequency-dependent rotation
of the squeezing ellipse in quadrature space and will be presented in the experimental results
(Section 4.4). A simplified schematic of the experimental optical layout of the reflection of a
squeezed vacuum at a detuned locked cavity is presented in the upper right corner.

perfect correlations between the two sidebands at ±Ω. Thus, the beat of the two side-
bands add up in the amplitude quadrature and cancel in the phase quadrature.

Using this perfectly squeezed state and reflecting it at a detuned locked cavity changes
the phase of every phasor in the sideband representation in a frequency-dependent way.
Figure 4.9 shows the resulting sideband representation of the reflected state. The figure
also shows the frequency-dependent reflectivity of the detuned cavity in red with the
resonance frequency Ωc. The dispersion of the cavity is visible as a blue line. Due to the
frequency-dependence of the dispersion, the phasors at large frequencies ±Ω are phase
shifted by ±180◦ and the phasors are now orientated upwards. In these frequency ranges
the beat of the phasors still results in perfect phase quadrature squeezing. Around the
resonance frequency Ωc the phase shift is less than 180◦ and the phasors are therefore
phase shifted less. The phase shift is 0◦ exactly at the resonance. Consequently, the beat
of the phasors at the resonance frequency results in perfect amplitude squeezing, meaning
that if one measures a spectrum in the phase quadrature, one measures squeezing at high
frequencies and anti-squeezing directly at resonance. Around the resonance frequency,
where the phase shift satisfies 0◦ < |φ | < 180◦, the squeezed quadrature is slowly varied
with increasing frequency from the phase quadrature to the amplitude quadrature and
back to the phase quadrature. As we will see in Section 4.4 the noise level of the spectra
around the resonance frequency changes from the noise level of the squeezing to the
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anti-squeezed noise level and back. This frequency-dependent change of the phase shift
and the resulting frequency-dependent change in the squeezing quadrature can also be
interpreted as a frequency-dependent rotation of the squeezing ellipse. In Section 4.4.2 we
will see this rotation of the squeezing ellipse when the tomography of the experimentally
created states is evaluated.

A second filter cavity can be used to compensate the effect of the frequency-dependent
rotation of the squeezing induced by the first filter cavity. This is shown in Figure 4.10.
Here, the combined transfer function in reflection of the two filter cavities is displayed by
the red curve, whereas the combined dispersion of the two filter cavities is represented by
the blue curve. Note that now the overall phase shift for large negative frequencies and
positive frequencies corresponds to ±360◦. The phasors displayed in the figure are phase
shifted according to the combined dispersion of the two filter cavities. The phasors are
orientated along the amplitude quadrature axis for large positive and negative frequencies
as well as in the range around the reference frequency ω0 in the center. Near the two
resonances at frequencies ±Ωc the phase shift is less than 360◦and becomes ±180◦ exactly
at the resonance. Comparing the individual sideband frequencies ±Ω, one sees that if
the phase shift at a frequency +Ω is equal to +φ, then the phase shift at the negative
sideband frequency −Ω is equal to −φ. Thus, the relative phase shift is cancelled and
the beat between the two sidebands is the same and found in the amplitude quadrature.
Hence, a measured spectrum of such a state, reflected at two detuned cavities with op-
posite detuning frequencies but identical dispersions, is indistinguishable from a phase
quadrature squeezed state, which is measured directly and not reflected at a detuned
cavity at all. Therefore, one can conclude that the effects on a squeezed state reflected
at a detuned cavity, like the SRC in GEO600, can be compensated with a filter cavity
detuned to the opposite sideband frequency.

To prove the theoretical predictions discussed here, the setup of an experiment is
described in the next section. In this experiment a squeezed state is generated by an
OPA and reflected at detuned locked filter cavity. The resulting state is evaluated by a
homodyne detector and the spectra in different quadratures of this state are analyzed.
Later, tomography of this state is performed at different frequencies to gain a view of the
squeezing ellipse in quadrature phase space and its frequency-dependence.

4.2 Optical layout

In this section the basic optical layout of the experiment is described. The idea of the ex-
periment is to generate frequency-dependent squeezed light. An OPA produces frequency-
independent squeezed states which become frequency-dependent after reflection at a filter
cavity [KLM+01] which is slightly detuned at a frequency Ωc from the carrier frequency
ω0. This frequency-dependent light is then analyzed with a homodyne detector, which
allows the measurement of noise spectra in every quadrature with an accuracy of ap-
proximately 1%. The measurement of the noise distribution of a quantum state in every
quadrature at a single frequency allows the reconstruction of the Wigner function of this
particular quantum state in quadrature space at the given frequency by using the inverse
Radon transformation, see Section 4.3 for details. Thus, a measurement of noise spectra
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Figure 4.10: Representation of the squeezed vacuum state in the sideband picture, presented in
Figure 4.8 ❷, after the reflection at two cavities, which are slightly detuned from the reference
frequency by ±Ωc. The frequency-dependent reflectivity (red) and dispersion (blue) of the com-
bined cavity transfer functions are overlapped with the sideband picture. For large frequencies
±Ω the phase shift added to the phasors is ±360◦ due to the double reflection at the detuned
cavities. Near the reference frequency ω0 in the center, the phase shift is 0◦. Around the res-
onance frequencies ±Ωc the phase shift is smaller than 360◦ and becomes ±180◦ exactly at the
resonance frequencies ±Ωc. Comparing the individual sideband frequencies ±Ω, one sees that if
the phase shift at a frequency +Ω is equal to +φ, than the phase shift at the negative sideband
frequency −Ω is equal to −φ. Thus, the relative phase shift is cancelled and the beat between
the two sidebands is the same and found in the amplitude quadrature. Hence, the squeezed state
after two reflections at the detuned cavities is indistinguishable from a measurement of the initial
squeezed state.

in every quadrature allows the reconstruction of Wigner functions at various frequen-
cies, enabling us to see the evolution of e.g. the orientation of the squeezing ellipse in
quadrature space.

The basic optical layout is shown in Figure 4.11. The setup is almost identical to
the setup of the generic squeezing experiment presented in Chapter 3. The parts of the
experiment unchanged compared to the generic squeezing experiment are the laser, the
modecleaner, the SHG, and the OPA (described in detail in Sections 3.2.1, 3.2.2, 3.3.4, and
3.3.5, respectively). All related control loops are identical to those described in Chapter 3.
Minor changes have been made to the homodyne detector. The photodiodes have been
changed (see Section 4.2.2) and a sophisticated electronic control loop now allows the
measurement of an arbitrary quadrature by using a combined rf-dc error signal generation.
The rf-phase modulation sidebands on the dim squeezed signal beam allow measurement
in the amplitude quadrature. The phase quadrature measurement is controlled by the
difference photocurrent of the two homodyne photodiodes. A mathematical combination
of these two error signals allows the control of the homodyne detector to measure an
arbitrary quadrature. Details on the generation of the two individual error signals and the
new homodyne control electronics can be found in Section 4.3.4. To perform tomography
on the measured quantum state, a computer based data acquisition has to be made, which
is described in Section 4.3.2.

The major difference of this experiment compared with the generic squeezing ex-
periment described in Chapter 3 is the use of the filter cavity for the generation of
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Figure 4.11: Schematic of the optical layout of the experiment used to produce frequency-
dependent squeezed light. The basic setup includes all components of the generic squeezing
setup. This is extended to include a filter cavity for generation of frequency-dependent squeezed
states.

107



Chapter 4 Frequency-dependent squeezed light

from 

modecleaner

PDFC

15 MHz

EOM

Isolator

PBS PBSλ/4 λ/4
Filter Cavity

from OPA

m1 m2

to homodyne

detector

Figure 4.12: Layout of the control scheme of the filter cavity. A fraction of the light transmitted
through the modecleaner is phase modulated by an EOM with 15 MHz. A combination of a
polarizing beam splitter (PBS) and a quarter-wave plate enables the detection of the back-reflected
light in reflection of the filter cavity. Demodulation of the provoked photocurrent with 15 MHz
creates an error signal, which is processed by a servo, amplified, and fed back to the PZT-mounted
input coupler of the filter cavity.

frequency-dependent squeezed light. Its parameters and the control are described in de-
tail in Section 4.2.1. A Faraday isolator between the OPA and the filter cavity is used
to suppress the parts of the light field used for locking the filter cavity, which otherwise
would propagate directly into the OPA cavity, seeding it through the outcoupling mirror.

4.2.1 Filter cavity

The filter cavity in this experiment is used to transform frequency-independent squeezed
light—as being generated by the OPA—into frequency-dependent squeezed light. A the-
oretical picture of this effect was given in Section 4.1.4 and the mathematical background
has been described in Section 4.1.3. A schematic of the filter cavity’s optical layout and
its control scheme is presented in Figure 4.12. The filter cavity is a linear two mirror cav-
ity with a length of 50 cm. The cavity is composed of a curved mirror m1 with a power
reflectivity R1 = 99.95% and a radius of curvature rc = 1.5 m and a plane mirror m2 of
reflectivity R2 = 97%. The resulting linewidth of the cavity is 1.48MHz and the finesse
is approximately FFC = 200. The length control scheme of the filter cavity is achieved by
a Pound-Drever-Hall locking technique. Approximately 10 mW from the output of the
modecleaner are used as a length control beam. This is phase modulated by an EOM
with 15 MHz. A combination of a PBS and a quarter-wave plate enables the detection
of the reflected light with the photodiode PDFC. The photocurrent is demodulated with
15 MHz to generate the desired error signal, which looks much the same as the error signal
presented in Figure 3.6. The three steep slopes of the error signal allows the locking of
the cavity to the reference frequency ω0 or at one of the sidebands with frequency ω0+Ωc;
Ωc/2π = 15 MHz. This error signal is processed by a servo, amplified and fed back to
the cavity PZT to control the cavity length. Since the cavity is an undercoupled cavity
for the cavity length control field, only a small fraction is transmitted through the cavity.
Along this path it passes two quarter-wave plates and propagates towards the OPA. To
prevent any back-reflected light from reaching the OPA, a Faraday isolator is placed in
between the filter cavity and the OPA. The squeezed field coming from the OPA passes
the Faraday isolator with small losses of approximately 2%. Again, a combination of a
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quarter-wave plate and a PBS ensures that the back-reflected, now frequency-dependent,
squeezed field is sent to the homodyne detector. From this side, the cavity is strongly
overcoupled. The losses to the squeezed field are small due to the high reflectivity of the
curved mirror m1.

4.2.2 Homodyne detector

The homodyne detector is in principle the same as that used in the former experiments
(see Section 3.4.1). Changes are made to the photodiode electronics and the photodiodes
used in these detectors have changed to Perkin Elmer C30619, which have only a quantum
efficiency of η = 0.87 ± 3%. The electronic circuit of the photodetectors can be found in
Appendix C.4. A transimpedance resistor of 510 Ohm is chosen to achieve a bandwidth
of 30 MHz and a maximum light power of 15 mW is able to be detected.

4.3 Tomography of quantum states

Tomography [Her80, KS89] is a procedure to obtain the more dimensional spatial in-
formation of an object. In this section the object of interest is the quasi-probability
distribution of a quantum state, the Wigner function. Reconstruction of the more dimen-
sional spatial information is done by sectioning the object i.e. for a quantum state one
measures the distribution of the measured noise power for different quadrature angles.
From this ensemble of distributions the representation of the corresponding quantum
state in phase space can be reconstructed via inverse Radon transformation. The data
acquisition system and associated locking scheme of the homodyne detector used in this
experiment, which allows a pc controlled stable adjustment of an arbitrary homodyne
angle, is developed by B. Hage during his Diplomarbeit [Hag04].

4.3.1 The Wigner function

The Wigner function is a quasi-probability distribution in phase space widely used in
quantum physics. It was first introduced by Wigner in 1932 [Wig32]. The term quasi-
probability is used because the Wigner function is not positive definite and thus not a
“real” probability distribution. The Wigner function is defined by [Leo97]

W (q, p) =
1

2π

∫ ∞

−∞
eipx〈q − x

2
|ρ|q +

x

2
〉dx , (4.17)

and characterizes the statistics e.g. of the position q and the momentum p. The Wigner
function is real for Hermitian operators ρ̂ and normalized

∫ ∞

−∞

∫ ∞

−∞
W (q, p)dq dp = 1 . (4.18)
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Figure 4.13: 3D-Wigner function of the vacuum state in phase space (left) and a contour plot of
the same function (right).

If one integrates the Wigner function in one direction

∫ ∞

−∞
W (q, p) dp =

1

2π

∫ ∞

−∞

∫ ∞

−∞
eipx〈q − x

2
|ρ|q +

x

2
〉 dp dx

=
1

2π

∫ ∞

−∞

∫ ∞

−∞
eipxconst|p dp dx

= 〈 q |ρ̂| q 〉

= P (q) ,

(4.19)

one obtains a probability density. This integration can be made in an arbitrary direction,
not only along p.

A remarkable feature of the Wigner function is that it can be used to calculate expec-
tation values of an arbitrary operator Ô by

〈 Ô 〉 = tr{ρ̂Ô} = 2π

∫ ∞

−∞

∫ ∞

−∞
W (q, p)WÔ(q, p)dq dp. (4.20)

Here WÔ(q, p) is the same as W (q, p), but the density matrix ρ̂ has been exchanged with

the arbitrary operator Ô.

An example of a Wigner function is given in Figure 4.13. This shows the Wigner
function of the vacuum state in phase space as a 3D surface plot and also as a shaded
contour plot. The vacuum state’s Wigner function is given by

W| 0 〉(X̂1, X̂2) =
1

π
e−X̂

2
1−X̂

2
2 , (4.21)

where X̂1 and X̂2 are the amplitude and phase quadratures, respectively. Since any
coherent state can be generated by applying the displacement operator onto the vacuum
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state (see Equation 2.12), the Wigner function of a coherent state is just displaced from
the phase space origin. The Wigner function of a coherent state is therefore given by

Wc.s(X̂1, X̂2) =
1

π
e−(X̂1−X̂1,0)2−(X̂2−X̂2,0)2 (4.22)

with X̂1,0 and X̂2,0 defining the amount of displacement.

In the experimental results (see Section 4.4) the Wigner functions of the measured
frequency-dependent squeezed quantum states are presented.

4.3.2 Data acquisition

Because one cannot measure the Winger function directly in an experiment, the only
useful and accessible measure, the differential photocurrent of the two homodyne pho-
todetectors, has to be evaluated to reconstruct the Wigner function. This process of
reconstruction can be split into two parts. The first part is the data acquisition (DAQ)
and the second part the reconstruction of the Wigner function by inverse Radon trans-
formation, described in the next section. For the DAQ the photocurrents of the two
homodyne detectors are high-pass filtered with a cut-off frequency of 16kHz and ampli-
fied by a factor of 25. Both resulting photocurrents are subtracted with a differential line
receiver MAX4145 from Maxim. This differential signal is demodulated with the detection
frequency of interest. To suppress the aliasing effect a four pole Chebychev-low-pass filter
with a cutoff frequency of 100 kHz is used to filter the demodulated signal before it is
converted with an AD-converter.

The data acquisition system is PC based and uses a commercial NI PCI-6014 card
from National Instruments. The DAQ card offers a sampling frequency of 200 kS/s,
that can be multiplexed up to 16 channels each allowing a resolution of 16 bit. Because
only one channel has to be sampled in the experiment, the full bandwidth is able to
be used. Furthermore, the card offers two analog output channels with 16 bit resolution
which allow a feedback to the experiment, e.g. the change of the homodyne detection
angle.

The time series of the demodulated differential photocurrent is stored with the help of
the DAQ system. An example can be found in Figure 4.14. To minimize the amount of
storage, the LabView program used to control the DAQ processes the time series in real
time and stores every data point into one of the bins of a histogram. This real-time data
processing reduces the amount of data to be stored by a factor of 1000. The histogram
is essential for the reconstruction of the Wigner function, which is described in detail in
the next section.

The LabView program is also responsible for setting the quadrature angle of interest.
The details of the adjustment of this quadrature angle and the generation of an error signal
for the homodyne detector for an arbitrary quadrature is described in Section 4.3.4. After
adjustment of the correct quadrature angle, the program waits for half a second to let all
control loops settle at their current operating point. Then it takes a preselected number
of data points. After this measurement the new quadrature angle is adjusted and the
process repeats itself until the final measurement is made.
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Figure 4.14: Time series and the corresponding histogram of the demodulated differential pho-
tocurrent

4.3.3 Inverse Radon transformation

As described in the previous section, the data is stored as a histogram of the demodu-
lated differential photocurrent time series. The number of bins of the histogram and the
voltage range it covers can be adjusted in the LabView program used for the DAQ. From
Equation 2.81 we know that the differential photocurrent output of a balanced homodyne
detector is proportional to the fluctuations in one quadrature of the signal field. Thus,
the histogram measured by the DAQ system is the probability distribution Pθ(q), which
itself is the projection of the Wigner function of a specific angle θ (see Equation 4.19).
This transformation is called the Radon transformation [Rad17]

Pθ(q) =

∫ ∞

−∞
W (q cos θ − p sin θ, q sin θ + p cos θ) dp . (4.23)

Radon transformations are studied in the mathematical theory of tomography [Her80].
The fact that it is invertible leads directly to the inverse Radon transformation, which is
the mathematical key for quantum state tomography and the reconstruction of a quan-
tum state in phase space. It is also used in other fields of tomography such as X-Ray-,
Nuclear-Spin-, Positron-Emission-, and Gamma-Absorption-tomography, which mostly
concentrates on medical diagnostics. With the help of the inverse Radon transforma-
tion, the ensemble of histograms for individual quadrature angles (Figure 4.15) can be
transformed into the Wigner function and thereby allows the reconstruction of quantum
states in quadrature phase space. For the calculation of the inverse Radon transforma-
tion the built-in Matlab function is used, which is based on a Fourier transformation
algorithm. This is much faster than an algorithm, which uses the direct inversion of the
Radon transformation, see [Hag04, Bre98]. The result of such a reconstructed quantum
state is given in Figure 4.16, where the Wigner function of the histogram series from
Figure 4.15 is presented. The reconstruction process includes the normalization of the
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Figure 4.15: Series of histograms for the homodyne angle range of 0-180◦. This is the input data
for the inverse Radon transformation algorithm which reconstructs the Wigner function. This
reconstruction is shown in Figure 4.16.
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Figure 4.16: Wigner function reconstructed from the data used in Figures 4.14 and 4.15
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Figure 4.17: Homodyne detector signals outputs versus the local oscillator phase. The left graph
shows the power of the two homodyne detector photodiodes of the direct measurement (DC)
and after modulation with the phase modulation frequency Ωmod present in the signal beam over
the local oscillator phase. One can see that the DC and AC signals are 90◦ out of phase. The
differences of the DC and AC signals are shown in the graph to the right. Here, one can see
that the DC differential signal can be used to lock the homodyne detector to 0◦ and 180◦, which
corresponds to the phase quadrature. The differential AC signal on the other hand can be used
for locking to 90◦ and 270◦, which corresponds to the amplitude quadrature. Using a linear
combination of these two differential signals, an error signal for an arbitrary quadrature angle can
be generated. See Equation 4.24 for more details.

Wigner function. The axes are scaled in such a way that the full-width-half-maximum
(FWHM) of the Wigner function of the vacuum is set to unity.

4.3.4 Locking a homodyne detector to an arbitrary quadrature angle

From the previous section we know that the reconstruction of the Wigner function can be
achieved by the inverse Radon transformation. Thus, the data of the demodulated differ-
ential photocurrent has to be obtained for a quadrature angle range 0◦ < θ < 180◦. This
data is stored by the DAQ system and processed by the inverse Radon transformation.

Section 3.4.1 shows that an error signal for the amplitude quadrature can be ob-
tained by demodulating the difference current of the two homodyne photodetectors at
a frequency corresponding to a phase modulation frequency carried by the signal field.
This error signal, from now on called the rf-error signal Srf

err, is sinusoidal and produces
a zero-crossing if one homodyne photodetector senses all the light, whereas the other
detector is dark. This corresponds to a local oscillator phase of φ = 90◦ and φ = 270◦ in
Figure 4.17. To obtain an error signal for the case where both homodyne photodetectors
sense the same light power (φ = 0◦ and φ = 180◦), one has to take the difference of
the two photocurrents directly without any demodulation. This error signal is called the
dc-error signal Sdc

err and allows measurements in the phase quadrature. Both error signals
and the corresponding signals of each photodetector are presented in Figure 4.17. These
two error signals can be used to generate an error signal Sθerr for an arbitrary quadrature
by

Sθerr(φ) = b Sdc
err(φ) + (1 − b)Srf

err(φ) , (4.24)
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where φ is the relative phase between the local oscillator and the signal field and θ is
the quadrature angle. Depending on the parameter b the zero-crossing of the error signal
Sθerr(φ) can be changed from the the relative phase of 0◦ to 180◦. Thus, Sθerr(φ) allows the
stable control of the relative phase relation between the local oscillator and signal beam
entering the homodyne detector, which corresponds to a stabilization of the measured
homodyne quadrature angle θ. As described in Section 3.4.1, this error signal is sent
through an high voltage amplifier which drives a PZT-mounted mirror in the path of the
local oscillator beam.

A remaining problem is that the inverse Radon transformation of Matlab expects
histograms of the demodulated differential photocurrent with an equidistant phase angle
φ. However, a linear change of the parameter b results in a nonlinear distance between
the measured phase angles. Therefore, the parameter b has to be calculated precisely
for every desired phase angle φset. A short calculation using Equation 4.24 and setting
Sθerr = 0 reveals

b =
Srf

err(φset)

Srf
err(φset) − Sdc

err(φset)
=

1

1 − tanφset
, (4.25)

with Sdc
err(φ) ∝ sinφ and Srf

err(φ) ∝ cosφ and expecting that the error signals Sdc
err and Srf

err

are offset free and have the same amplitude. This is easily achieved in the experiment
by matching these two parameters with an offset compensation and an individual gain
control for each error signal. Details of the electronics used for locking the homodyne
detector can be found in [Hag04].

The calculation of the parameter b is performed by the Labview program and the two
analog output channels of the DAQ card are used to send a corresponding voltage to b
and 1 − b to the analog servo to control the homodyne detection angle.

4.4 Experimental results

The results of the experiment to generate frequency-dependent light can be separated
into different parts. In the first part we analyze the properties of the generated frequency-
dependent states and compare them with the vacuum and frequency-independent squeezed
states. This comparison is made for the detuning frequencies ±15.15 MHz of the filter
cavity. Next, tomography of the generated states is performed at different sideband fre-
quencies to see the frequency-dependent rotation of the squeezing ellipse in quadrature
phase space. Finally, a comparison of this rotation for the two different locking states of
the filter cavity concludes the experimental results.

The experiment uses an OPA, which is described in Section 3.3. The coherent seed
power used for the OPA measured in front of the crystal’s back surface is 15 mW. The
second harmonic pump power is 300 mW inducing a classical gain of 5 for the OPA.
The OPA deamplifies the classical seed field in the cavity, resulting in a dim amplitude-
quadrature-squeezed beam leaving the OPA with a power of approximately 70µW. A
local oscillator power of 18 mW for the homodyne detector is chosen such that each
photodiode detected about half of its maximum capable light power. The individual
losses to the squeezed field are listed in Table 4.1; the overall loss for the squeezed field
was 42%.
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OPA escape efficiency: ρ 88%

Propagation efficiency: ζ 95%

Faraday rotator transmission efficiency: ηFR 97%

Mode matching efficiency to the filter cavity: mmFC 94%

Homodyne efficiency ξ2 91%

Quantum efficiency of the photodiodes: ηPD 87%

Efficiency due to the angle of the photodiodes: ηangle 96%

Overall efficiency: 58%

Table 4.1: List of the individual efficiencies applied to the squeezed field from generation to
detection for the frequency-dependent squeezed light generation and characterization experiment.

4.4.1 Frequency-dependent squeezing spectra

All spectra presented in this section are obtained from the differential homodyne detector
output photocurrent analyzed by a Rohde&Schwarz FSP3 spectrum analyzer. The resolu-
tion bandwidth is chosen to be 100 kHz and the video bandwidth is 100 Hz. To compare
the results of the frequency-dependent squeezing more easily, frequency independent spec-
tra of the OPA generated squeezed states are measured first. A beam dump is placed
into the filter cavity so that the squeezed light is no longer reflected at a cavity but at a
single mirror with a reflectivity of 97%. This squeezed state is measured by the homodyne
detector in the amplitude and phase quadrature to compare the frequency independent
squeezing and anti-squeezing spectrum against the measured vacuum spectrum. These
spectra are shown in Figure 4.18. The squeezing spectra (black) and the spectrum of the
vacuum state (gray) are used as references. The effect of the additional 3% loss can be
neglected due to the high overall loss of 42%. Note that the dark noise of the homodyne
detector has been taken into account for all spectra shown in Figure 4.18. The other
noise power spectra shown in Figure 4.18 represent the frequency-dependent squeezing
spectra, each measured at a different quadrature angle with a separation of 10◦. Here, an
angle of 0◦ defines the amplitude quadrature, which fixes the phase quadrature to 90◦.
For these measurements the filter cavity is detuned and locked to a sideband frequency of
Ωc/2π = +15.15MHz with respect to the reference frequency ω0. The small offset in fre-
quency compared to the modulation frequency of 15 MHz used for generation of the filter
cavity’s error signal, is chosen to minimize the overlap of the remnants of the modulation
frequency. It allows a clear view at the sideband frequencies with the maximum phase
shift (Ωc/2π = ±15.15 MHz) of the frequency-dependent field in the sideband picture.
For a comparison see Figure 4.9.

As shown in Figure 4.18, the frequency-dependent spectra are bounded by the mea-
sured frequency-independent spectra (black). The maximum amount of squeezing lies
between 1.5–2 dB below the vacuum noise. If one focuses e.g. at the frequency-dependent
spectrum measured in the amplitude quadrature shown (blue), the predicted behavior
given by Equation 4.14 and Figure 4.9 can be reproduced. Starting at the lowest frequency
of 12 MHz one can see that the spectrum shows amplitude squeezing which deteriorates
at higher frequencies. Around 14 MHz the blue spectrum shows the same noise power as
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the vacuum state. At the filter cavity’s detuning frequency of +15.15 MHz, the spectrum
has the same noise power as the frequency-dependent anti-squeezing. The noise power
of the blue curve then drops and touches the vacuum noise level at 16.4MHz before it
again reaches the amplitude squeezed noise level at 18 MHz. Section 4.4.2 will show this
behavior of the frequency-dependent spectra measured in amplitude quadrature can also
be interpreted as the rotation of the squeezing ellipse, starting from amplitude quadrature
squeezing at 12 MHz over phase quadrature squeezing at 15.15MHz and again amplitude
quadrature squeezing at 18 MHz. The features at 15 MHz result from the already men-
tioned remnants of the filter cavity locking field that is partially transmitted through
the filter cavity. This field should be p-polarized after passing through the filter cavity
and the two quarter-wave plates, however due to imperfections in the wave plates and
a limited adjustment accuracy a fraction is also s-polarized and gets superimposed with
the frequency-dependent squeezed field. Therefore the modulation imprinted on the filter
cavity locking field is measured by the homodyne detector. To minimize this effect, the
power of the filter cavity locking field is reduced as far as possible without losing stable
control of the filter cavity. The features at 17.4MHz are due to stray fields.

The long term stability of the experiment is shown in the lower part of Figure 4.18.
Here, a measured noise power time series over 50 minutes of the fully locked experiment
is presented. The homodyne detector angle is locked to 10◦ and the spectrum analyzer is
used in the zero span mode at a frequency of 14.7MHz. Note that the noise power stays
very accurately at an average noise level of -58.4 dB.

The frequency-dependent spectra presented in Figure 4.18 are also measured for a
negative cavity detuning of Ωc/2π = −15.15 MHz. The results are shown in Figure 4.19.
The main difference to the spectra shown before is that the measured minima of the
frequency-dependent spectra move with increasing homodyne detection angle from low
to high frequencies. To be more precise, starting at a homodyne angle of 0◦ the minimum
of the noise power for that spectrum lies below 12 MHz. For 10◦ homodyne angle this
minimum lies at 12.3MHz, for 20◦ at 13.1MHz and so on for noise spectra with larger
homodyne angle. A close look at the frequency-dependent spectra for a cavity detun-
ing of Ωc/2π = +15.15 MHz, presented in Figure 4.18, reveals that the minima move
with increasing homodyne detection angle from high to low frequencies. Figure 4.19 also
shows remnants of the 15 MHz modulation frequency of the filter cavity locking field,
which are a little bit smaller compared to spectra of a positive detuning frequency. This
is achieved by further lowering the power of the filter cavity locking field. A stable lock
is still achieved due to a small asymmetry in the filter cavities’ error signal. For com-
parison with the theory (Section 4.1.3), Figure 4.20 displays simulated results (obtained
from Equation 4.14) for the experimental data shown in Figure 4.19. To simplify the
comparison, the same colors are used for the curves with the same homodyne detection
angle. In the simulation one can clearly see the movement of the minimum in the noise
power with increasing homodyne detection angle to higher frequencies. The simulated
results do not include losses or the cavity transfer function.

The next section uses the DAQ system presented in Section 4.3 to obtain the his-
tograms of the measured time series at different quadrature angles to reconstruct the
Wigner function of the corresponding quantum state.
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Figure 4.18: Measured noise power spectra of frequency-dependent squeezed light for a filter cav-
ity detuning frequency of +15.15 MHz. The noise power spectra of the vacuum state (gray curve)
and of a frequency-independent squeezed state measured in amplitude and phase quadrature
(black curves) are illustrated as references. The colored spectra represent a frequency-dependent
squeezed state measured for different quadrature angles. The lower part of the figure shows the
long term stability of the setup and the homodyne angle control. Here, the noise power for a
homodyne angle of 10◦ at a frequency of 14.7 MHz is measured for 50 minutes.
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Figure 4.19: Measured noise power spectra of frequency-dependent squeezed light for a filter cav-
ity detuning frequency of −15.15 MHz. The noise power spectra of the vacuum state (gray curve)
and of a frequency-independent squeezed state measured in amplitude and phase quadrature
(black curves) are illustrated as references. The colored spectra represent a frequency-dependent
squeezed state measured for different quadrature angles.

4.4.2 Tomography of frequency-dependent light

For an even more striking demonstration of the frequency-dependent squeezing, one can
reconstruct the Wigner function of the produced squeezed state at various sideband fre-
quencies. Figure 4.21 shows the reconstructed Wigner function of the vacuum state and
a frequency-dependent squeezed state for a sideband frequency of 14.1MHz as a con-
tour plot. The latter Wigner function is produced by reflecting the output field of the
OPA from the detuned filter cavity locked to a sideband frequency of −15.15 MHz. The
reflected field is measured with the homodyne detector and demodulated with the side-
band frequency of interest (here 14.1MHz). The DAQ system transforms the data into
a histogram and changes the homodyne angle stepwise from 0◦–180◦ in 100 equidistant
steps. The ensemble of histograms is then transformed into the Wigner function using the
inverse Radon transformation. Details of the technique for reconstruction of the Wigner
function are given in Section 4.3. The axes of the graphs in Figure 4.21 are scaled such
that the standard deviation of the FWHM of the vacuum state is equal to unity. For
a better comparison between the two states, an ellipse and a circle are drawn onto the
Wigner function of the squeezed state, which represent the contour of the two Wigner
functions at a specific height. It is clearly visible that the squeezed state shows quantum
correlations between the phase and amplitude quadratures, i.e., squeezing at about 30◦.
Note that this Wigner function is centered at the origin, implying that no coherent exci-
tation at 14.1MHz is present. However, the plot does not show a minimum uncertainty
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Figure 4.20: Simulated noise power spectra of frequency-dependent squeezed light for a filter
cavity detuning frequency of −15.15 MHz. These curves are calculated using Equation 4.14 and
can be compared with the spectra from Figure 4.19. Losses and OPA linewidth are not considered.

state as defined by Equation 2.36. Additional noise in the anti-squeezed quadrature is
clearly detected. The area of this squeezed state is determined to be a factor of 1.16
larger than the vacuum state, also shown in Figure 4.21. This increased area can be
partly attributed to optical losses in the squeezed beam and additional imprinted phase
noise.

To see the rotation of the squeezing ellipse in quadrature phase space, the recon-
structed Wigner functions at 12 frequencies in the interval between 12–18 MHz are shown
in Figure 4.22. For this plot the filter cavity is locked to the negative sideband frequency
of Ωc/2π = −15.15 MHz. The sideband frequency of the individual Wigner functions is
given in the upper left corner of each plot. Note that the short axis of the squeezing ellipse
at a sideband frequency of -12 MHz is almost aligned along the amplitude quadrature. It
is clearly visible that the orientation of the ellipse changes with the sideband frequency
and shows a clockwise rotation. To get an impression of a three dimensional Wigner
function, the ellipse presented in the upper left corner of Figure 4.22 is plotted again.
This 3D plot of the Wigner function for the sideband frequency of -12 MHz is shown in
Figure 4.23.

If the detuning frequency of the filter cavity is changed to the positive sideband fre-
quency of +15.15 MHz, the rotation of the ellipse changes from clockwise to anticlockwise.
This behavior is presented in Figure 4.24.

4.4.3 Compensation of the rotation of the squeezing ellipse

To determine the rotation angle of every single Wigner function plotted in Figures 4.22
and 4.24 for a detuning frequency of −15.15MHz and +15.15MHz respectively, one needs
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Figure 4.21: Comparison of the reconstructed Wigner functions of the vacuum state and a
frequency-dependent squeezed state for a sideband frequency of 14.1 MHz. The figure shows
both functions from a bird’s eye view. and the height is encoded based on the color bar on the
right-hand side. For a better comparison, an ellipse and a circle are drawn in white onto the
Wigner function of the squeezed state, which represent the contour of the two Wigner functions
at a specific height.

a reference. Here the reference is given by the phase quadrature. The rotation angles
for the individual detuning cases of the filter cavity are plotted in Figure 4.25. In this
figure the solid lines represent the results one obtains by using the theory according to
Equation 4.15. The theory curves are calculated based on the filter cavity parameters.
The experimental data are plotted as points including an error bar. The results for
the −15.15 MHz detuning case of the filter cavity is shown in red [curve (a)] and the
+15.15 MHz detuning case in blue [curve (b)]. Note that the measured values nicely
follow the curves predicted by the theory. The difference between the two detuning cases
is that the quadrature rotation angle is almost the negative value of the complementary
case. Thus, the sum of the data of the two different detuning cases is almost zero as
predicted by theory and shown by the magenta curve (c). This is the experimental proof,
that two subsequent filter cavities, symmetrically detuned from the carrier frequency ω0,
like in this case to ±15.15 MHz, lead to an identical phase shift of the positive and negative
sidebands with respect to the carrier. As already seen in Figure 4.10, the rotation of the
squeezing quadrature is completely cancelled due to the fact that the phasors at opposite
sideband frequencies now all add up in the same quadrature, like in the case of frequency-
independent squeezed light. The only difference is the absolute phase of the sidebands,
which is irrelevant.

As a consequence, a filter cavity can be used to compensate the effect of a detuned
cavity, where the squeezed field gets reflected, like in the case of GEO600. To achieve this,
a filter cavity for GEO600 has to have the same linewidth and corresponding dispersion
as the detuned SRC. In Chapter 5 an experiment using a tabletop dual-recycled Michelson
interferometer, like GEO600 but scaled down by a factor of 1000, will be described. A
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Figure 4.22: Contour plots of the Wigner functions of the frequency-dependent squeezed state
for different frequencies. The detuning frequency of the filter cavity is −15.15 MHz. The Wigner
functions have been normalized such that the height color encoding is the same for each plot. One
can see that the squeezing ellipse is rotating clockwise starting from −12 MHz to −18 MHz.
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Figure 4.23: The three dimensional Wigner function of the frequency-dependent squeezed state
measured at a frequency of 12 MHz and with a filter cavity detuning of −15.15 MHz
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Figure 4.24: Contour plots of the Wigner functions of the frequency-dependent squeezed state
for different frequencies. The detuning frequency of the filter cavity is +15.15 MHz. The Wigner
functions have been normalized such that the height color encoding is the same for each plot. One
can see that the squeezing ellipse is rotating counter clockwise going from low to high sideband
frequencies.
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Figure 4.25: Measured rotation angles of the 24 frequency-dependent squeezing ellipses presented
in Figures 4.22 and 4.24. The rotation angles for a filter cavity detuning of −15.15 MHz are shown
in red [curve (a)] and for a filter cavity detuning of +15.15 MHz in blue [curve (b)]. The sum
of these two curves is shown in magenta [curve (c)]. The rotation of the quadrature angle can
therefore be compensated by reflecting the squeezed light at two detuned cavities with opposite
detuning frequencies.

filter cavity is used in this experiment to compensate the rotation of the squeezing ellipse.
Chapter 7, where a future upgrade from GEO600 to the next generation GW detector
GEO-HF will be presented, includes a detailed analysis of possible filter cavity topologies
that can be used to eliminate the rotation of the squeezing ellipse in GEO-HF.
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Chapter 5

Squeezed-light-enhanced dual-recycled
Michelson interferometer

This chapter presents the experimental demonstration of a squeezed-light-enhanced dual-
recycled Michelson interferometer. In 1981 Caves [Cav81] proposed increasing the sensi-
tivity of an interferometer by using squeezed states of light. In a simple quantum noise
limited Michelson interferometer the enhancement using squeezed light is comparable to
using a higher laser power (see Section 4.1, Figures 4.2 and 4.3). Either an increase in
laser power by a factor of four or a squeezed vacuum, with reduced noise variance by a
factor of four, will result in a sensitivity enhancement of the Michelson interferometer by
a factor of two.

The technique of power recycling [DHK+83] is used in all current Michelson interfer-
ometer based gravitational wave (GW) detectors to enhance the circulating light power.
In this situation a mirror (the power-recycling mirror) is placed between the Michelson
interferometer and the laser. In the normal operation mode of a GW detector all light
coming from the laser is reflected back by the interferometer, leaving the other port of
the Michelson interferometer beam splitter dark; this is the so-called dark port. The
power recycling mirror reflects all light back to the laser thereby forming a cavity with
the interferometer. This leads to an increase in the internal power of the interferometer,
enhancing the sensitivity in the shot noise limited frequency range (see Equation 4.1).

Signal recycling was proposed by Meers [Mee88] to raise the sensitivity even further.
Here a mirror is placed between the photodetector in the dark port and the Michelson
interferometer. This mirror forms a cavity with the interferometer and enhances the
signal generated by a gravitational wave by sending the signal sidebands back into the
interferometer. The interaction with the end mirror test masses is increased leading
to an enhanced signal strength. In contrast to the power-recycling cavity, the signal-
recycling cavity is, in most cases, slightly detuned to the carrier frequency to increase
the signal sidebands around a specific sideband frequency, e.g. 350 Hz as is the case in
Figure 4.2. This resonance frequency can be tuned with the micro position, the so-called
tuning, of the signal-recycling mirror. Gea-Banacloche and Leuchs [GBL87] have studied
the compatibility of power recycling and squeezed field injection, and Chickarmane and
Dhurandhar [CD96] have shown the compatibility of signal recycling and squeezed field
injection in the shot noise limited area. This analysis has been extended by Harms
et al. [HCC+03] to the radiation pressure dominated frequency range, thus showing
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Chapter 5 Squeezed-light-enhanced dual-recycled Michelson interferometer

that all three techniques (squeezed field injection, power recycling and signal recycling)
can be used to increase the sensitivity of Michelson interferometer based GW detectors
simultaneously.

Experimental demonstrations of squeezed-light-enhanced interferometers are rare. A
tabletop Mach-Zehnder interferometer using squeezed light [XWK87] was demonstrated
in 1987. In the same year Grangier et al. [GSYL87] presented their results of a squeezed-
light-enhanced polarization interferometer. Later, at least two of the enhancement tech-
niques have been combined to demonstrate viable interferometers. In 1991 Strain and
Meers [SM91] demonstrated the first power and signal-recycled Michelson interferome-
ter as a tabletop setup. The combination of power and signal recycling is often called
dual recycling. Later, Heinzel et al. [HSM+98] demonstrated a dual-recycled Michel-
son interferometer in a fully suspended configuration. The first squeezed-light-enhanced
power-recycled Michelson interferometer [MSM+02] was demonstrated in 2002 with the
intention to show the application of squeezed light in GW detection. Chapter 4 presents
the basic idea of how squeezed light can be used in a GW detector to enhance its sen-
sitivity. This chapter introduces the fact that formerly frequency-independent squeezed
light becomes frequency-dependent after reflection at the detuned signal-recycling cavity.
Future gravitational wave detectors such as Advanced LIGO [ADVa] will make use of dual
recycling in combination with tuned high finesse arm cavities to increase the light power
even further. In such a configuration the signal recycling technique is called resonant side-
band extraction, because the GW signal has to be extracted from the arm cavities with
the signal-extraction mirror. In Advanced LIGO, like in GEO600, the signal-extraction
and signal-recycling cavities are detuned from the carrier frequency. Thus, a filter cavity
is needed to compensate for the rotation of the squeezing ellipse (see Chapter 4). The ex-
periment described in the current chapter uses the dual-recycled Michelson interferometer
configuration comparable to the one used by GEO600. In fact, it is similar to GEO600
only smaller by a factor of 1000. This experiment proves the optical compatibility of all
three advanced interferometer techniques described above. Furthermore, it uses a read-
out and control scheme, which prevents the frequency range of interest being deteriorated
from modulation signals as is the case in the experiment described in the previous chap-
ter (see Figures 4.18 and 4.19). The results of the squeezed-light-enhanced dual-recycled
Michelson interferometer have been published in [VCH+05] and [VCH+06b].

This chapter is divided into four sections. First, the general optical layout of the
experiment is described in Section 5.1. Here, the differences with respect to the experi-
ments discussed earlier in this thesis are highlighted. Section 5.2 draws attention to the
dual-recycled Michelson interferometer. The optical setup, the generation of error signals,
and the lock acquisition will be presented in detail. Section 5.3 presents signal injection
into the interferometer using a second laser. In the last section the experimental results
are discussed. This includes a detailed loss estimation of the experiment and a prognosis
of the allowed losses in GEO600 to achieve an increase in the sensitivity by a factor of
two by using squeezed light.
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5.1 Optical layout

A schematic of the experimental optical setup can be seen in Figure 5.1. In principle this
is the setup for the generation of frequency-dependent squeezed light, described earlier in
Chapter 4, but extended by a dual-recycled Michelson interferometer. A further extension
is the use of a second laser source to inject single sideband signals through one of the
interferometer’s end mirrors.

The main laser used in the experiment is a Nd:YAG laser with an output of 2 W
at 1064 nm. The laser beam is split and about 1 W is used for the SHG, to produce
the necessary second harmonic pump field for the OPA. The remaining power is passed
through a modecleaner (see Section 3.2.2 for details). This ring cavity removes amplitude
fluctuations from the beam and stabilizes the beam position. The control of the mode-
cleaner length is achieved via a PDH locking scheme as described in Section 3.2.3. A
phase modulation with a frequency of 18 MHz is chosen to derive the needed error signal
for the length control of the modecleaner. The required EOM is positioned such that
the SHG can also be controlled with a PDH locking scheme with the same frequency.
The former control scheme of the SHG, based internal modulation has been abandoned
(see Section 3.3.4). The beam that passes through the modecleaner is divided into several
beams, each serving a different goal. About 50 mW are used as local oscillator and guided
directly to the homodyne detector. The remaining light is phase modulated with 15 MHz.
This phase modulation is used later for the power-recycling cavity control. For the OPA
cavity length control a fraction of 100 mW is separated from this beam. This seed field
has been increased compared to the previous experiments, because the newly used OPA
crystal has a much better HR coating on its back surface, compared with the crystals used
the OPAs in Chapters 3 and 4. Details on the new OPA can be found in Section 5.1.1. The
remaining light available for the filter cavity and Michelson interferometer is passed again
through an EOM with a modulation frequency of 134.4MHz. This phase modulation is
used to derive the error signals for the filter cavity, the differential mode of the Michelson
interferometer and for the signal-recycling cavity. The overall power used for the filter
cavity control is 30 mW and the complete Michelson interferometer needs 120 mW. Details
on the control schemes of the filter cavity and the Michelson interferometer can be found
in Sections 5.1.2 and 5.2, respectively. A Faraday isolator is used between the 134.4MHz
EOM, the filter cavity and the Michelson interferometer to circumvent any problems
based on the back-reflected fields from the filter cavity or Michelson interferometer to the
modecleaner. The second laser is phase locked to the main laser. Thus, a tiny fraction
from the main laser is overlapped with the signal laser beam. The beat signal is sensed
by a photodetector that is used to derive an error signal. The PZT of the signal laser is
actuated to control its frequency. Details of the phase-locked loop (PLL) and the signal
laser beam are given in Section 5.3.

The OPA generates a frequency-independent squeezed field. This is passed through
a Faraday isolator, which avoids he OPA being seeded from any back-reflected light.
A quarter-wave plate transforms the initial s-polarized beam into a circular polarized
beam, before it is mode matched to the filter cavity. From this side the filter cavity
is an overcoupled cavity and the squeezing gets reflected at the detuned locked filter
cavity with only small losses. The detuning frequency of the filter cavity is chosen to be
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Figure 5.1: Schematic of the optical layout of the squeezed-light-enhanced dual-recycled Michelson
interferometer experiment. The layout is divided into four sections. The first section is the laser
preparation stage and contains the main Nd:YAG laser and the modecleaner. The second stage
contains the two nonlinear cavities. The SHG produces the required harmonic pump field to
generate the squeezing in the OPA. The signal laser is contained in the third section. This is phase
locked to the main laser and runs on a different but tunable laser frequency. This second laser field
is used to measure the SNR improvements and the signal transfer function of the dual-recycled
Michelson interferometer. This interferometer and the corresponding filter cavity are located in
the fourth section of the optical layout. The squeezed field generated inside the OPA is first
reflected at the filter cavity before it is reflected at the signal-recycling cavity. A Faraday rotator
is used to guide this field into the homodyne detector. EOM: electro-optical modulator; SHG:
second harmonic generator; OPA: optical parametric amplifier; MC: modecleaner; PBS: polarizing
beam splitter; LO: local oscillator; PRM: power-recycling mirror; SRM: signal-recycling mirror;
MN: north end mirror; ME: east end mirror.
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Figure 5.2: Two photographs of the optical table containing the squeezed-light-enhanced dual-
recycled Michelson interferometer experiment. The left-hand picture is taken from the direction
of the south port. On the lower end one can see the Faraday rotator that is used to guide the
reflected squeezed field from the signal-recycling cavity to the homodyne detector. In the center
of the picture, one can see three copper tubes. These mark from left to right the filter cavity and
the interferometer’s north and east arm. On the lower end of the north arm one can identify the
interferometer’s beam splitter, whereas at the lower end of the east arm mirror one can see the
folding mirror. The right-hand picture shows the experiment in total. On the left border one can
identify the two tilted homodyne photodetectors.

−10 MHz with respect to the carrier frequency. The back-reflected squeezed field from
the filter cavity is frequency-dependent now (see Section 4.1). This frequency-dependent
squeezed field is passed through a faraday rotator before it is mode matched into the
signal-recycling cavity of the dual-recycled Michelson interferometer. A half-wave plate
ensures that the squeezed field is s-polarized before it enters the signal-recycling cavity.
The signal-recycling cavity is detuned to a frequency of +10MHz with respect to the
carrier frequency. From Section 4.4.3 we know that the detuning frequency with the
opposite sign compared to the filter cavity detuning frequency, now cancels the frequency
dependence of the squeezed field. The back-reflected squeezed field from the signal-
recycling cavity passes the Faraday rotator again and is guided to the homodyne detector.
Details on the homodyne detector can be found in Section 5.1.3. The complete setup of
the experiment can be seen in the photos in Figure 5.2.

The following subsections discuss in detail the changes to the OPA, filter cavity and
the homodyne detector in comparison to the former experiments. The new components
of the setup, the dual-recycled Michelson interferometer and the signal laser including
the PLL, are described in Sections 5.2 and 5.3.

5.1.1 OPA

The OPA used for this experiment is based on an intermediate step between the MK I and
the MK II design described in Section 3.3.3.2. The cavity design is hemilithic, meaning the
MgO:LiNbO3 back surface forms one end mirror and a separate outcoupling mirror is used
as the second end mirror of the cavity. This outcoupling mirror is located in a separate
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six-axis mirror mount1. This separation into two parts—on the one hand the outcoupling
mirror mount and on the other the nonlinear crystal housed in the oven—is based on
the MK I design. The new part, taken from the MK II design is the heating system.
The former resistor-based heating system has been replaced by two high temperature
compatible peltier elements. These peltier elements allow active heating and cooling of
the crystal. They are located close to the crystal as well as the NTC sensor measuring
the actual temperature. The relocation of the NTC sensor in combination with the
peltier elements allows a much faster temperature feedback, which leads to an overall
improvement of the conversion stability of the OPA. The MK II design of the oven is
described in more detail in Section 3.3.3.2.

The crystal of the OPA is also changed compared to the experiments presented in
in Chapters 3 and 4. The most important change is the increase of the MgO doping
from 5% to 7%. This affects the phase matching temperature, which dropped to about
60◦C. The crystal dimensions are 2×6.5×2.5 mm (length×width×depth) with respect to
the orientation shown in Figure 3.14. The flat surface is anti-reflection (AR) coated for
both wavelength’s used with the corresponding power reflectivities of R532 nm < 0.2% and
R1064 nm < 0.05%. The crystal’s back surface has a radius of curvature RoC=8mm. It has
a high reflective (HR) coating for both wavelengths with specified power reflectivities of
R532 nm < 99.90% and R1064 nm < 99.97±0.02%. It turns out, that the HR coating of the
crystal’s back surface for 1064 nm is higher than the desired specifications. From separate
transmission measurements and the measured finesse values, the power reflectivity is
found to be approximately R1064 nm < 99.996%. Compared with the specified value, the
transmission is reduced by a factor of ten. This made it much more difficult to generate
a reasonable error signal for the cavity length via the reflected seed field. Hence, the seed
field power has to be increased to about 100 mW. The outcoupling mirror has a radius of
curvature of RoC=25mm and is separated from the crystal’s flat surface by about 23 mm.
It uses an HR coating for 1064 nm (R1064 nm = 96.7%) to form a cavity with a finesse
of about F = 130. From these values a free spectral range of 4 GHz and a linewidth of
23.5MHz can be calculated. The coating for 532 nm is anti-reflective and has a power
reflectivity of R532 nm < 0.2% which ensures that the harmonic pump field only double
passes the OPA cavity.

The control scheme of the OPA is shown in Figure 5.3, where an EOM imprints a
phase modulation on the seed field at a frequency of 153.8MHz. This enables the use of a
PDH locking scheme for the OPA cavity length. The reflected seed field from the cavity
is detected with a photodiode (PDcav). The error signal is generated in a mixer and
evaluated and transformed by a servo, before it is passed through an HV-amplifier and
fed back to the outcoupling mirror’s PZT. The relative phase between the fundamental
seed and the harmonic pump field determines the quadrature angle of the squeezing
quadrature. This has to be stabilized as well. The required error signal is derived by
using the phase modulation sidebands which are imprinted on the harmonic pump field
(see Figure 5.1). These phase modulation sidebands are transformed into an amplitude
modulation of the generated fundamental field. This field is sensed on the rear side of the
OPA cavity by a separate photodiode (PDphase). The error signal is generated the same

1manufacturer: Thorlabs; type: K6X
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Figure 5.3: Layout of the OPA’s control scheme. The seed field is phase modulated at 153.8 MHz
with an EOM and coupled into the OPA through the back surface of the nonlinear crystal. From
the other side the harmonic pump field is coupled through the outcoupling mirror into the OPA.
This harmonic pump field carries phase modulation sidebands at 18 MHz. The field leaving the
OPA through the crystal’s back surface is separated by a 50/50 beam splitter from the incoming
seed field. Another beam splitter is used to detect this field with two photodetectors. One is used
to generate the needed error signal for the cavity length, whereas the other is needed to obtain
an error signal for the relative phase between the harmonic pump field and the fundamental
intra-cavity field. This determines the squeezing angle of the generated squeezed field.

way as described above and fed back to a PZT-mounted mirror in the beam path of the
harmonic pump field.

5.1.2 Filter cavity

The filter cavity is used in this experiment to transform the initially frequency-independent
squeezed light into frequency-dependent light (see Sections 4.1.4 and 4.1.3 or details). A
schematic of the optical setup and the control scheme is presented in Figure 5.4. The
filter cavity is a linear cavity with a length of L = 1.205 m. This length is chosen to
match the filter cavity to the length of the signal-recycling cavity. The resulting free
spectral range (FSR) is fFSR = 124.4 MHz. The mirror reflectivities are chosen to be
R1 = 90% and R2 = 99.92% such that the filter cavity is overcoupled looking from the
side of the squeezed field. These are the same reflectivities used in the signal-recycling
cavity to ensure that both cavities have the same physical properties. The control beam
gets phase modulated with a frequency of fm = 134.4 MHz. It passes a quarter-wave plate
which turns the initially p-polarized control beam into a circularly polarized beam. The
transmitted beam passes a quarter-wave plate behind the filter cavity again and is then
guided to the OPA. To ensure that this control field for the filter cavity does not seed the
OPA from this side, an Faraday isolator is placed between the OPA and the filter cavity.
The back-reflected field at the filter cavity passes the first quarter-wave plate again and is
thereby separated from the incoming beam with a polarizing beam splitter (PBS) before
being detected with a photodiode (PDFC). A demodulation of the photocurrent with the
modulation frequency fm results in an error signal. This is evaluated by a servo, passed
through a HV-amplifier and fed back to the PZT-mounted cavity mirror. The special
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Figure 5.4: Layout of the filter cavity’s control scheme. The filter cavity is composed of two
spherical mirrors. Its length control is achieved with the lock beam coming from the right. This
beam is phase modulated with a frequency of 134.4 MHz. This frequency allowed locking the
cavity to a sideband frequency of ±10 MHz beside the carrier frequency due to the fact that the
free spectral range is 124.4 MHz. Another feature of this control scheme is that no modulation
peaks are visible in spectra around 10 MHz. The error signal was generated by detecting the
reflected beam from the filter cavity. The separation between the incoming and outgoing beam
was accomplished by a combination of a PBS and a quarter-wave plate. On the other side
of the filter cavity such a combination of a PBS and a quarter-wave plate was used to reflect
the initially frequency-independent squeezed field at the filter cavity and guide it towards the
Michelson interferometer. A Faraday isolator between the filter cavity and the OPA was used to
avoid any transmitted light from the locking beam seeding the OPA from this side.

feature of this control scheme is that the modulation frequency is larger than the FSR
of the filter cavity. In principle this results in the same error signal as if the frequency
fm = 10 MHz has been chosen. The advantage of the used locking scheme is that the
desired detection band of 5–15 MHz is not deteriorated by a 10MHz modulation peak,
however it is still possible to stabilize the filter cavity at the carrier frequency or at a
sideband frequency ±fm. Figure 5.5 compares the measured error signal with a simu-
lation made with the program Finesse [Fre]. The measurement reveals the same error
signal as predicted by the simulation. In the measured data a different transverse mode
other than the TEM00 mode is present, which shows the non-optimal mode matching of
the control beam into the cavity. This other mode can be neglected because it is reflected
directly at the filter cavity and does not disturb the experiment. The more important
mode matching is that of the squeezed beam into the filter cavity from the other side.
This is measured to be better than 95%, which contributes directly to the losses of the
squeezed field. Looking at losses to the squeezed beam in the area concerned with the
filter cavity, one has to consider the Faraday isolator between the OPA and the filter
cavity. This component caused a transmission loss of 6% to the squeezed beam. Another
loss source is the transmission of the squeezed field through the filter cavity. Although
the cavity is strongly overcoupled, the transmission losses are calculated to be 3%.

The filter cavity is normally locked to a sideband frequency of −fm, which corresponds
to a strong phase shift of the reflected field around a sideband frequency of −10 MHz. The
reflection of the initially frequency-independent squeezed field at the detuned filter cavity
makes the squeezed field frequency-dependent before it is guided to the signal-recycling
mirror of the dual-recycled Michelson interferometer.
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Figure 5.5: Comparison of the simulated (left) and measured (right) transmission and error signal
of the filter cavity. The measured transmission of the filter cavity [blue curve (a)] shows that the
mode matching of the locking beam into the filter cavity is not optimal. Nevertheless, the error
signal [red curve (b)] does match the simulated signal and provided a nice starting point for a
stable control. The ramp applied to the PZT of one of the filter cavity’s mirrors is displayed as
the magenta curve (c).

5.1.3 Homodyne detector

The homodyne detector used in this experiment is composed of two electronically matched
photodetectors. The electronic circuit can be found in Appendix C.4; the transfer func-
tion of these photodetectors is shown in Figure 5.6. The bandwidth of the photodetectors
is approximately 45 MHz. The photodiodes used in these detectors are Epitaxx ETX1000
with a diameter of 1 mm. They have a quantum efficiency of 93±3%, and are tilted to the
brewster angle with respect to the incoming beam, and the maximally detectable light
power of each detector is 50 mW. The reason for this high detectable power is that the
homodyne photodetectors are also used for aligning the dual-recycled Michelson inter-
ferometer. The maximally used power for the Michelson interferometer in s-polarization
is 100 mW, which corresponds with the limit of the photodetectors (see Section 5.2 for
details). The lack of photodetector sensitivity makes the use of 50 mW as local oscillator
power inevitable for the measurements performed in order to achieve a reasonable signal
to dark noise ratio. For the alignment of the homodyne visibility, the OPA is locked
without the harmonic pump. The filter cavity and the signal-recycling cavity are blocked
so that the beam coming from the OPA got reflected at the cavity mirrors without inter-
acting with the cavities. This beam is overlapped with a local oscillator beam of the same
intensity and the resulting interference fringes are maximized. The achievable homodyne
visibility is about 97.5%, which corresponds to a homodyne mode matching efficiency of
95%. The control of the homodyne detector angle is achieved with the same method as
described in Section 3.4.1 and Figure 3.26. The only difference is that a modulation fre-
quency of 18 MHz present on the squeezed field is used to control the homodyne detection
angle.
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Figure 5.6: Transfer function of one of the homodyne detector photodiodes. The solid red and
blue curves show the magnitude of the DC and AC output of the photodiode. The dashed curves
with the same color show the corresponding phases. The DC output is in principle located directly
behind the transimpedance amplifier. The AC output is a high pass filtered and amplified version
of the DC output. The bandwidth of the homodyne detector is measured to be about 45 MHz.
The schematics of the photodetectors can be found in Appendix C.4.

5.2 The dual-recycled Michelson interferometer

The optical layout of the dual-recycled Michelson interferometer is displayed in Figure 5.7.
Its parameters are selected in such a way that the interferometer fits easily on an optical
table with a dimension of 1.2 × 2.4 m2, together with the optics related to production
and detection of squeezed light. However the development of a locking scheme for the
dual-recycled Michelson interferometer becomes easier with longer optical path length
inside the interferometer. The longer the arm length of the interferometer, the lower
the FSR of the power-recycling and signal-recycling cavities. The desire not to have any
modulation peaks in the detection band from 5–15 MHz makes it indispensable to use
modulation frequencies shifted by at least one FSR with respect to the carrier frequency.
Hence, a tradeoff between these two incompatibilities had to be made. Consequently, an
arm length of 1 m for the Michelson interferometer is chosen.

The control method of the Michelson interferometer is based on phase-modulation
sidebands imprinted on the incoming beam by an EOM. This type of modulation for the
control is often called Schnupp modulation [Sch88]. It requires an arm length difference
of the interferometer such that the relative phase of the light field returning from the
arms of the interferometer depend on the frequency of the light. As a result, even if
the south port of the interferometer is dark for the carrier frequency, it can be bright
for the phase modulation frequency. Hence, the modulation sidebands can sense the
position of the signal-recycling mirror or the information about the dark port condition
can be send into the south port of the interferometer. The difference in arm length is
called Schnupp asymmetry. Figure 5.8 shows the frequency-dependent transmission of a
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Figure 5.7: Schematic of the optical layout of the dual-recycled Michelson interferometer. Two
EOM’s are used to provide the phase modulation sidebands needed to control the three degrees of
freedom of the dual-recycled Michelson interferometer: the length of the power-recycling cavity,
the length of the signal-recycling cavity, and the differential arm length of the interferometer. A
folding mirror in the east arm is used to co-align the two interferometer arms to fit the interferom-
eter on the optical table. A PBS is used in the south port of the interferometer to separate the two
orthogonal polarization modes. The s-polarization is resonant inside the signal-recycling cavity,
whereas the p-polarization wis used to generate an error signal for the differential arm length of
the interferometer independent of the signal-recycling mirror position. The four photodetectors
displayed in the schematic are used to align and lock the dual-recycled Michelson interferometer.
EOM: electro-optical modulator; PBS: polarizing beam splitter; PRM: power-recycling mirror;
SRM: signal-recycling mirror; MN: north end mirror; ME: east end mirror.
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Figure 5.8: Comparison of the frequency-dependent transmission from the input of the Michelson
interferometer into the south port for different Schnupp asymmetries of the interferometer arms.
The left-hand figure shows the resulting transmission into the south port of the interferometer for
an arm length difference of the two interferometer arms, the Schnupp asymmetry, of 58 cm. Note,
that for small sideband frequencies the south port is dark. With rising sideband frequency the
transmission rises and reaches unity at frequencies around 130 MHz. The figure on the right-hand
side shows the same plot for a Schnupp asymmetry of 1 cm. One can see that the transmission
around 130 MHz is the order of 10−3. The optimal Schnupp asymmetry for the control scheme
would have been 58 cm, in which case the modulation sidebands of 134.4 MHz would resonate
optimally in the signal-recycling cavity. However, a Schnupp asymmetry of about 1 cm is chosen to
optimize the mode overlap of the beams propagating in the arms on the Michelson interferometer’s
beam splitter, although the transmission of the 134.4 MHz modulation sidebands is much worse
compared to the optimal case.

light field injected into the interferometer at the south port. The difference between the
two plots is a different Schnupp asymmetry. In the left plot the Schnupp asymmetry is
chosen to be 58 cm which results in a very good transmission from the entrance of the
interferometer into the south port for frequencies around 130 MHz. The plot on the right-
hand side uses a Schnupp asymmetry of only 1 cm. One can see that the transmission
in the same frequency range is reduced largely. The first maximum of the transmission
in this case is found at a frequency of 7.5 × 109 Hz. The transmission in the frequency
range of 130 MHz is the order of 10−3. Nevertheless, a Schnupp asymmetry in the order
of 1 cm is selected to maximize the mode overlap on the interferometer beam splitter of
the two beams returning from the arms. A larger Schnupp asymmetry would lower the
Michelson interferometer fringe visibility and result in a non-dark south port.

The power-recycling and signal-recycling cavities have the same length. A distance
of 0.2m between each recycling mirror and the Michelson interferometer beam splitter
fixes the total length of the recycling cavities to about 1.205m. The resulting FSR is then
calculated to be 124.4MHz. The selection of recycling mirror reflectivities depends on the
frequency range of interest for the latter measurements. The desired signal recycling fre-
quency is 10 MHz. Together with the constraint that the OPA starts producing squeezed
states above a sideband frequency of 3.5 MHz, the frequency range from 5–15 MHz is
chosen. To see the full effects of the signal-recycling cavity in the signal transfer func-
tion, the linewidth of the signal-recycling cavity should be about 2 MHz. The end mirror
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Figure 5.9: CAD model of the six-axis mirror mounts with the embedded PZT to actuate the
longitudinal position of the interferometer mirrors. The basic mirror mount is a K6X made by
Thorlabs. A custom-made brass counterweight is attached to this mirror mount. The mirror and
the PZT are embedded into this counterweight and this stack is compressed by an aluminum cap.
Increasing the tension can be used to shift the first PZT resonance to higher frequencies.

reflectivity is supposed to be highly reflective but should also allow the transmitted frac-
tion to be large enough for monitoring the interferometer conditions and for generation of
an error signal. Consequently, the interferometer end mirror reflectivity is selected to be
99.92% and the reflectivity of the two recycling mirrors is 90%. This results in a linewidth
of 2.1MHz and a finesse of 59 for the power-recycling and signal-recycling cavities. The
radius of curvature (RoC) of the mirrors are selected such that the cavity waist would lie
in the arms but closer to the beam splitter than to the end mirrors. As a result, the radii
of curvature are chosen to be: RoCend = 1.5 m for the end mirrors and RoCrecycling = 2 m
for the recycling mirrors. The arising waist has a radius of approximately 450µm. All
interferometer mirrors are housed in six-axis mirror mounts with a custom-made inlay.
This inlay is made out of brass and acts as a counterweight for the embedded PZT2. A
CAD diagram of this mirror mount and the included PZT is presented in Figure 5.9.

Figure 5.7 shows a PBS placed into the south port of the interferometer. A combina-
tion of three polarizing beam splitters is used to achieve a high suppression of p-polarized
light reaching the signal-recycling mirror. By using the PBS the p-polarized mode can
be detected with a separate photodiode; this polarization does not interact with the
signal-recycling mirror. This is important for the locking scheme as we will see in Sec-
tion 5.2.2. The power ratio between the s- and p-polarization mode could be adjusted
with a half-wave plate in front of the Michelson interferometer and is chosen to be 100mW
in s-polarization and 20 mW in the p-polarization mode.

Figures 5.7 and 5.2 also show that the classical orientation of the two interferometer
arms with a 90◦ adjacent angle is not used due to limited space on the optical table.
Instead, the east arm of the interferometer has been folded such that the north and east
arm are orientated in parallel to each other. The folding mirror is placed in a three-axis
PZT enhanced mirror mount3. This mirror mount houses three PZT’s that con be used

2Manufacturer: Piezomechanik, Type: HPSt 500/15-8/5
3Manufacturer: Thorlabs, Type: KC1-PZ/M
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Figure 5.10: Measured visibility of a simple Michelson interferometer. Curve (a) shows the
intensity on one of the homodyne detector photodiodes, while a ramp [curve (b)] is applied to one
of the end mirrors PZT, changing the differential arm length of the interferometer.

for fine adjustment of the Michelson interferometer’s fringe visibility with high accuracy.
The alignment of the dual-recycled Michelson interferometer is described in the next
section. Afterwards, we will focus on the generation of the error signals for the three
degrees of freedom of the interferometer.

5.2.1 The alignment of the squeezed field into the filter cavity and
Michelson interferometer

Alignment of the experiment is not automated by any auto-alignment control and has
to be maintained manually on a daily basis. The main goal of the alignment is not only
to have an optimally adjusted dual-recycled Michelson interferometer, but also involves
the alignment of the mode matching of the squeezed field into the filter cavity, signal-
recycling cavity, and into the homodyne detector. Therefore the interferometer has to be
mode matched to the filter cavity as well as the homodyne detector. The challenge here
is not to misalign already aligned elements while working on a different mode matching
or alignment.

Alignment starts with a simple Michelson interferometer without any recycling. Hence,
the power- and signal recycling mirrors have to be removed. Tilting these mirrors is not
sufficient because of the tiny beam displacement caused in transmission of a tilted glass
plate. The end mirrors of the simple Michelson interferometer are moved differentially by
applying a ramp to the two end mirror PZTs. The resulting Michelson fringes are checked
with one of the homodyne photodetectors. The coarse alignment of the arms is achieved
by adjusting the two six-axis end mirror mounts4. For fine adjustments the folding mirror
mount in the east arm is used. This folding mirror is a three-axis PZT enhanced mirror
mount5, which allows an adjustment by applying a voltage to the PZTs. A three-axis PZT
controller is used to manually align the Michelson interferometer fringe visibility remotely
and achieved a maximally value of 99.9%, see Figure 5.10 as an example of a measured

4Manufacturer: Thorlabs, Type: K6X
5Manufacturer: Thorlabs, Type: KC1-PZ/M
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Michelson interferometer fringe visibility. Multiple apertures are used in the incoming
beam path from the modecleaner and also in the beam path to the homodyne detector
to ensure that the alignment does not drift from day to day into a specific direction.
After the alignment of the simple Michelson interferometer, the power-recycling mirror is
integrated into the setup. The power-recycling cavity alignment is obtained by holding
the differential arm length of the interferometer such that the dark fringe condition is
fulfilled while ramping the position of the power-recycling mirror. Without deteriorat-
ing the alignment of the interferometer fringe visibility, the power-recycling mirror is the
only mirror that may be adjusted. Hence, the same six-axis mirror mount, as for the end
mirrors with the custom-made inlay including a PZT for longitudinal position changes of
the mirror, is used as shown in Figure 5.9. The mode matching quality of the incoming
beam into the power-recycling cavity can bee seen in Figure 5.11. Despite the TEM00

mode there is a tiny fraction of one other transverse mode remaining.
The next step is the alignment of the signal laser. The optical layout of its injection

into the interferometer and more details are presented in Section 5.3. For the alignment of
the signal injection, the main input beam of the Michelson interferometer is blocked. Now
the only input into the interferometer is the signal laser entering through the north end
mirror of the interferometer. The power-recycling mirror is ramped and the differential
arm length is adjusted to keep the interferometer on the dark fringe condition. A part
of the light inside the power-recycling cavity is then transmitted onto the photodiode
PDPRM (see Figure 5.7), which is normally used for locking and control of the power-
recycling cavity. Due to the fact that the signal laser has to be transmitted through three
mirrors, of which two have a reflectivity of more then 99%, the power of the signal laser
has to be increased during the alignment to about 100 mW to see a nominal signal on the
photodiode. Two lenses and a steering mirror set in the beam path of the signal laser in
front of the north end mirror are used to match the mode of the incoming laser beam to
the mode of the interferometer.

Now that we have a fully aligned power-recycled Michelson interferometer, this has to
be matched to the filter cavity. The reasoning behind this is that if the squeezed beam
is mode matched to the filter cavity, and the power-recycled Michelson interferometer is
matched to the filter cavity, then the squeezed beam is also matched to the power-recycled
Michelson interferometer. To align the Michelson interferometer to the filter cavity, the
interferometer has to be locked to a point where some power is emitted through the
normally dark south port. For this reason the interferometer can be locked with the DC
signal of PDMI (see Figure 5.7) to a point such that the output power of the interferometer
into the south port is 10 mW. The filter cavity control beam is blocked and the mode
matching of the interferometer output beam is controlled with photodiode PDFC (see
Figure 5.1). The mode matching of the interferometer beam into the filter cavity can be
optimized to a value of 98.3% with some steering mirrors in between. Afterwards the
filter cavity control beam is matched into the aligned filter cavity from the other side.
To match the outgoing beam of the OPA into the filter cavity, the OPA is locked to
amplification, which resulted in a beam power of a few mW. This beam is then mode
matched to the filter cavity with steering mirrors and lenses in the beam path between
the OPA and the filter cavity. The quality of the mode overlap is controlled with PDFC;
hence the orientation of the quarter-wave plate on the side where the OPA beam enters
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the filter cavity has to be changed. After the successful alignment of the squeezed beam
to the filter cavity with a mode matching better than 95%, this wave plate has to be
turned to its original setting. Here, it is very important to control the angle of the
quarter-wave plate with the transmitted filter cavity control beam. Only if the alignment
is optimal, the transmitted filter cavity control beam is not guided towards the Michelson
interferometer and is also not guided towards the OPA after passing the Faraday isolator.
In the first case if the filter cavity control beam is guided towards the interferometer
it would be superimposed with the squeezed field, thereby diminishing the maximum
amount of squeezing achievable. In the second case if the filter cavity control field enters
the OPA from the backside this would result in a deteriorated squeezing performance as
well. For this reason the Faraday isolator removes all the parts of the filter cavity control
beam from the critical beam paths.

The squeezed beam is now aligned to the filter cavity and into the power-recycled
Michelson interferometer. What remains is the integration of the signal-recycling mirror.
Its alignment is achieved with the outgoing OPA beam locked to amplification. The beam
path between the power-recycling mirror and the beam splitter of the interferometer is
blocked, transforming the interferometer into a power-recycled interferometer from the
other side. A highly sensitive photodiode is used in transmission of the east end arm
mirror to check the alignment quality. The only element which is able to be used for the
alignment was the signal-recycling mirror mount itself. Hence, again the six-axis mirror
mount with the embedded PZT for longitudinal position control is used (Figure 5.9).
The mode matching efficiency of the squeezed beam into the signal-recycling cavity was
measured to be 95%.

Finally the squeezed beam has to be overlapped with the local oscillator beam on the
homodyne beam splitter. Thus, the OPA is locked without the pump and the filter and
signal-recycling cavity are blocked. Then the beam coming from the OPA is guided into
homodyne detector. A steering mirror set and a pair of lenses in the local oscillator path
are used to maximize the homodyne visibility up to 95%. The whole experiment is then
completely aligned and measurements could be taken.

5.2.2 Generation of error signals for the dual-recycled Michelson
interferometer

The generation of error signals is always a crucial part of operating such a complex
device as a dual-recycled Michelson interferometer. In total there are three degrees of
freedom to be controlled: the interferometer’s differential arm length, and the length of the
power-recycling and signal-recycling cavities. The problem is to generate three linearly
independent error signals. For a good guideline for generation of linearly independent
error signals, the reader is referred to [Thü04].

Initially, it was planned to use only Schnupp modulation sidebands for the control
of the dual-recycled Michelson interferometer, meaning phase modulation sideband im-
printed on the control beam before it enters the interferometer. In total two modulation
frequencies were needed to generate the three individual error signals. In Figure 5.7 one
can see that two EOM’s are used to generate phase modulation sidebands on the inter-
ferometer control beam with frequencies of 15 MHz and 134.4 MHz. The first plan of the
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Figure 5.11: Comparison of the simulated transmission and error signal of the power-recycling
cavity with the real ones. The figure on the left shows the simulated transmission [blue curve (a)]
and error signal [red curve (b)] of the power-recycling cavity. The figure on the right shows the
measured signals. One can see a very good agreement between the two. The ramp applied to the
PZT of the power-recycling mirror is displayed as the magenta curve (c).

interferometer control included a third modulation frequency of 124.4MHz for the control
of the differential arm length. This frequency and the needed EOM were discarded due
to the fact that the generated error signal was strongly dependent on the position of the
signal-recycling mirror and also was too small to enable a stable control. The only solu-
tion to enhance this error signal would have been an increase in the Schnupp asymmetry
of the interferometer arms. The resulting increase in the minimum dark port power due
to the mode mismatch between the two arms did not allow good measurements. Conse-
quently another control scheme based on a different polarization mode was chosen and is
explained later in this section.

The first error signal to be generated is that for the power-recycling cavity. If the differ-
ential arm length is at its operating point then the south port of the interferometer is dark
and the control beam entering the interferometer is reflected back to the power-recycling
mirror. In this situation the power-recycling cavity, formed by the power-recycling mirror
and the Michelson interferometer, can be estimated with a normal linear cavity. Hence,
a standard PDH control can be used to stabilize the length of the power-recycling cav-
ity. The 15 MHz modulation sidebands are sensed in reflection with a photodiode (see
PDPRM in Figure 5.7). The resulting error signal is compared to that predicted by theory
in Figure 5.11. Note, that all simulated data are generated with the frequency domain
interferometer simulation software Finesse [Fre]. Both plots in Figure 5.11 show a nice
PHD type error signal with steep slopes at the resonance frequency and around the mod-
ulation frequency. This error signal is used to lock the power-recycling cavity length to
the laser’s carrier frequency. To see that this generated error signal is almost indepen-
dent of the position of the interferometer’s end mirror, a surface plot of the error signal is
presented in Figure 5.12. The x-axis shows the tuning of the power-recycling mirror, the
y-axis the tuning of the east end arm mirror (ME). The operation point is shown in the
center of the plot at the mirror tunings: φPRM = 0◦ and φME = 90◦. Note, that for every
east end arm mirror position a nice error signal for the position of the power-recycling
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Figure 5.12: Surface plot of the power-recycling cavity error signal versus the tuning of the power-
recycling mirror and the east end arm mirror. This shows the error signal near the operating point
of the power-recycling mirror at a tuning of φPRM = 0◦ and φME = 90◦. This error signal is almost
independent of the differential arm length of the Michelson interferometer due to the fact that
the sign change around φPRM = 0◦ is present for every tuning of the east end arm mirror φME.

mirror at φPRM = 0◦ can be found. Figure 5.13 shows the coupling of the signal-recycling
mirror (SRM) position and the generated power-recycling cavity error signal. The oper-
ation point is found again in the middle of the plot (φPRM = 0◦ and φSRM = 90◦). Here,
one can see that there is absolutely no coupling between the two. The reason for this is
that the interferometer is on its operation point, where the dark port condition is fulfilled.
Hence, there is no light in the south port, which could interact with the signal-recycling
mirror.

The following describes the error signal for the length control of the signal-recycling
cavity. The goal for the signal-recycling cavity is to lock it to a sideband frequency of
±10 MHz either side of the carrier frequency. This is because the filter cavity is also locked
to a sideband frequency of ∓10 MHz either side of carrier frequency, but on the other side
of the carrier to assure that the squeezed light reflected at both of the cavities is frequency-
independent again. Section 4.4.3 gives details of the compensation of the squeezing ellipse
rotation. To generate the error signal, a modulation frequency of 134.4MHz is used.
This frequency is exactly 10 MHz larger than the FSR of the signal-recycling cavity.
Therefore, the generated error signal is the same as if a modulation frequency of 10 MHz
has been used. The difference is that by using the modulation frequency shifted by one
FSR, one can guarantee that no modulation spikes will be present in a measured spectra
around 10 MHz. This is a big advantage because the desired measurement will be in a
frequency range of 5–15 MHz. On the other hand the electronics have to work at these
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Figure 5.13: Surface plot of the power-recycling cavity error signal versus the tuning of the
power-recycling mirror and the signal-recycling mirror. One can clearly see that the error signal
is independent of the signal-recycling mirror tuning φSRM. This is a consequence of the fact that
the Michelson interferometer is locked to a dark fringe. Hence, no light is propagating to the
south port, which would sense the position of the signal-recycling mirror.
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Figure 5.14: Transfer function of a resonant photodiode optimized for a frequency of 134.4 MHz.
The solid blue and red curves show the magnitude of the DC and the AC output of the photodiode.
The dashed curves with the same color show the corresponding phases. One can see that the
bandwidth of the DC output is very low. The AC output shows two strong resonances one at a
frequency of 40 kHz and one at 134.4 MHz. The schematics of the photodetectors can be found in
Appendix C.5.

high frequencies. Consequently all photodiodes used to detect the modulation frequency
of 134.4MHz are resonant photodiodes. An example for the transfer function of such a
photodiode can be found in Figure 5.14. The Schnupp asymmetry of the arms makes
sure that a fraction of the 134.4MHz sidebands is deviated into the south port of the
interferometer (Figure 5.8). These sidebands sense the position of the signal-recycling
mirror and are back-reflected into the interferometer. The resonant photodiode (PDSRM

in Figure 5.7) behind the east arm mirror detects a fraction of the light propagating in
the interferometer arms. Demodulating the photocurrent with the modulation frequency
of 134.4MHz results in the error signal for the signal-recycling cavity. This error signal
is compared to the simulated one in Figure 5.15. The error signal is the red curve (b).
The correct position of the signal-recycling mirror can be found in the measured data in
the time range of 0.25–0.4 a.u. This position can be distinguished from the others by
looking at the power in the interferometer arms [blue curve (a)] and at the dark port
power [green curve (d)]. While the signal-recycling cavity length is swept over the carrier
frequency, the power in the interferometer’s arms decreases and the dark port power
simultaneously rises only by a small amount, which is almost invisible in the measured
data. The two steep slopes in the error signal, separated by approximately ±8◦ from the
resonance of the carrier frequency at 90◦, are used to stabilize the signal-recycling cavity
to one of the desired ±10 MHz sidebands. The coupling of the differential arm length
into the error signal of the signal-recycling cavity is presented in Figure 5.16. Here, one
can see two straight lines at a signal-recycling mirror tuning of about φSRM = 82◦ and
φSRM = 98◦ which correspond to the sideband frequencies of ±10 MHz. Note, that if the
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Figure 5.15: Comparison of the simulated (left) and measured (right) error signal of the signal-
recycling cavity. The intra-cavity power of the signal-recycling cavity is given by curve (a). In
comparison one can see that in the real measurement a higher order transverse mode is also present
around a time position of 0.5 a.u. This wrong transverse mode provokes a false error signal which
is much smaller than the true error signal located in the time range between 0.27 and 0.4 in curve
(b). Looking at the light power in the dark port [curve (d)] one can easily distinguish between
the two modes. Only at the correct position is the dark fringe condition satisfied. The two steep
slopes of the true error signal are used to lock the signal-recycling cavity to a sideband frequency
of ±10 MHz. Curve (c) shows the ramp applied to the signal-recycling mirror’s PZT. Note, that
the individual signals have been resized.

derivation of the operating point of the east end arm mirror (ME) becomes too large,
the sign flip at φSRM = 82◦ and φSRM = 98◦ vanishes and the signal-recycling cavity can
no longer be stabilized to its nominal operation point. Hence, it is mandatory to lock
the differential arm length first. Afterwards, the signal-recycling cavity can be locked
to one of the ±10 MHz sidebands. Looking at the coupling between the power-recycling
mirror position and the error signal for the signal-recycling cavity in Figure 5.17, one
sees almost the same situation as before. The position of the power-recycling mirror is
essential and a usable signal recycling error signal can only be generated in a range of 0.5◦

of the power-recycling mirror tuning. Again it is mandatory to lock the power-recycling
cavity length to its operation point before the signal-recycling cavity can be locked at all.

The third error signal that needs to be generated is that for the differential arm
length of the interferometer. This error signal was also generated with the frontal phase
modulation at a frequency of 134.4MHz applied to the interferometer control beam. As
mentioned earlier error signal used primarily was small and showed a large coupling to
the signal-recycling mirror position. Therefore the final error signal was decoupled from
the signal-recycling mirror by using an orthogonal polarization mode. In Figure 5.7
one can see that polarizing beam splitter (PBS) is placed in between the interferometer
beam splitter and the signal-recycling mirror. In fact this PBS was a combination of
three polarizing beam splitters to achieve a higher suppression of the two polarization
modes. The s-polarized light in the south port of the interferometer is guided by the
PBS to the SRM, whereas the p-polarization mode is detected by the photodetector
PDMI. Figure 5.18 shows a comparison of the simulated and the measured error signal.
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Figure 5.16: Surface plot of the signal-recycling cavity error signal versus the tuning of the signal-
recycling mirror and the east end arm mirror. Note, that the error signal near the operation point
of the signal-recycling mirror is at a tuning of φPRM = 90◦ and φME = 90◦. This error signal
is strongly dependent on the differential arm length of the Michelson interferometer. Hence, the
differential arm length has to be locked to a dark fringe before a reasonable error signal for the
signal-recycling cavity can be generated. Then this can be used to lock the signal-recycling cavity
to a detuning frequency of ±10 MHz.
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Figure 5.17: Surface plot of the signal-recycling cavity error signal versus the tuning of the signal
recycling and power recycling mirrors. One can clearly see that the error signal depends strongly
on the power-recycling mirror tuning φPRM. Hence, the power-recycling cavity has to be locked
to the correct position before the signal-recycling cavity can be locked.

In the measured data the power in the south port of the interferometer for the two
polarization modes are given by curve (c) (s-polarization) and curve (d) (p-polarization).
Both signals look almost identical despite the fact they are shifted on the x-axis. This
displacement corresponds to unequal differential arm lengths of the interferometer for the
two polarization modes. This displacement corresponds to a different resonance frequency
for the two polarization modes in the interferometer, which can be explained by the
birefringence of the AR coating of the interferometer beam splitter or the HR coating
of the folding mirror in the east arm of the interferometer. Generating the error signal
by detecting the p-polarization mode together with a small offset applied to the error
signal allows stable control of the dark port condition for the s-polarization mode. The
error signal is fed back differentially to both end mirrors of the interferometer. The
power distribution between the two orthogonal polarization modes is adjusted with a
half-wave plate located in front of the power-recycling mirror. The ratio between s- and
p-polarization is 100mW to 20mW.

Now that we can generate error signals for all three degrees of freedom of the dual-
recycled Michelson interferometer, we will concentrate on the lock acquisition of the
interferometer in the next subsection.

5.2.3 Lock acquisition of the dual-recycled Michelson interferometer

We know that the error signals of the differential arm length and of the signal-recycling
cavity length are not independent of the other degrees of freedom (see Section 5.2.2).
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Figure 5.18: Comparison of the simulated (left) and the measured (right) error signal of the
differential arm length of the Michelson interferometer. The error signal [curve (b)] is generated
by the p-polarized mode, whose power is given by curve (d). This error signal can be used with
a slight offset to lock the differential arm length of the interferometer to the dark port condition
for the s-polarized mode [curve (c)]. The power in the interferometer arms is given by trace (a).
Note, that the individual signals have been resized.

Hence the lock acquisition must be hierarchic, meaning that individual degrees of freedom
have to be locked carefully one after the other. The error signal for the power-recycling
cavity is the most robust, making this degree of freedom a good candidate with which
to start the lock acquisition. The differential arm length has to be manually adjusted
such that the dark port condition is fulfilled, this results in the biggest power buildup
in the power-recycling cavity. Ramping the longitudinal position of the power-recycling
mirror reveals the point where the carrier is resonant in the power-recycling cavity and
the control loop for the length of the power-recycling cavity can be closed. Now that
the power-recycling cavity is locked, the differential arm length has to be stabilized. As
we know from Figure 5.12, the power recycling lock is stable over a large range of the
differential arm length, allowing the interferometer end mirror to be ramped differentially.
Figure 5.18 has been measured in such a manner. Now the phase of the Michelson
differential error signal can be adjusted to the correct value and the control loop can be
closed. In this phase of the lock acquisition, the dark port can be adjusted. First the
error signal offset can be changed to the optimal value, then one can use the three-axis
PZT mount of the folding mirror to optimize the mode overlap of the beams from the
two interferometer arms, thereby minimizing the power in the dark port.

Now that we have a power-recycled Michelson interferometer, all that remains to be
done is to lock the signal-recycling cavity length. Due to the fact that the signal-recycling
mirror position couples into the Michelson interferometer differential arm error signal, the
ramp applied to the signal-recycling mirror PZT has to be very small and slow. This way
it is possible to scan the position of the signal-recycling mirror (Figure 5.15) without
losing the lock of the power-recycled Michelson interferometer. Now the phase of the
error signal can be adjusted and the decision can be made as to which sideband the
signal-recycling cavity shall be locked. By closing this last control loop the dual-recycled
Michelson interferometer is fully locked. The lock status of the interferometer is diagnosed
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by various monitoring photodetectors as well as by monitoring the shape of the output
mode from the interferometer’s dark port.

5.3 Injecting signals into the interferometer

The idea of the experiment described in this chapter is not only to prove that the rotation
of the squeezing ellipse—caused by the reflection at the detuned signal-recycling cavity—
can be compensated by the filter cavity, but also to demonstrate the first squeezed-light-
enhanced dual-recycled Michelson interferometer. Hence, it is required to measure the
transfer function of the interferometer and to show an increase of the signal-to-noise
ratio (SNR) due to the lowered noise floor by using squeezed light. There are different
techniques to inject signals into the interferometer and measure its transfer function. The
most easiest method to implement, because all needed components are already integrated
into the setup, is signal generation via the PZT’s of the end mirrors. A modulation signal
applied differentially to these end mirrors would result in an amplitude modulation at the
dark port. Then this would be detectable with the homodyne detector. The problem with
this method is signal strength calibration. Normally, PZTs only show a linear transfer
function in the kHz regime, and in the desired frequency range of 5–15 MHz the transfer
function of a PZT becomes strongly nonlinear, which makes accurate calibration difficult.
Hence, the use of the PZT to measure the signal transfer function of the dual-recycled
Michelson interferometer has been discarded.

The second idea has been to use an EOM in each interferometer arm; their flat transfer
function would make a calibration relatively simple. A modulation signal can be applied
to the EOM’s such that the arm length is changed differentially with a specific frequency
in the range of 5–15 MHz. This would create an amplitude modulated field leaving the
dark port and the homodyne detector could be used to measure the transfer function
of the Michelson interferometer. The problem with this solution is the EOM in the
each interferometer arm. They are additional optical components in the beam path,
which could cause mode distortion due to inhomogeneities in the material, subsequently
causing a non-optimal fringe visibility of the interferometer. Optical losses introduced
by the EOM’s are also a problem for the squeezing enhanced performance of the dual-
recycled Michelson interferometer. On one hand the losses would result in a broader
linewidth which would not fit to the filter cavity such that the rotation of the squeezing
ellipse would not be cancelled optimally. On the other hand losses in the arms degrade
the amount of squeezing at the optical resonance frequency. In this frequency range, the
squeezing propagates through the interferometer and losses bring the squeezed vacuum
noise level closer to the (unsqueezed) vacuum noise level. Hence, this option has been
discarded as well.

The final way to inject signals into the interferometer with the goal of measuring the
signal transfer function of the interferometer and the improved SNR when using squeezed
light, is to use a second laser to inject single sidebands through one of the interferometer
end mirrors. This second laser, called the signal laser, is shown in Figure 5.1. The idea
of this solution is based on [dVSM02]. The signal laser is phase locked to the main laser;
the PLL is shown in Figure 5.19. The main laser is overlapped with the signal laser on a
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50/50 beam splitter. Due to the fact that these two lasers generally do not have the same
carrier frequencies (ν0 6= ν1), the two output fields of the beam splitter show an amplitude
modulation. This amplitude modulation corresponds to the frequency difference of the
main and signal laser frequencies (ν0 − ν1). A photodiode senses the optical field in one
beam splitter output port and the amplitude modulation of the light field is transformed
into an amplitude modulated photocurrent. If one uses an electrical mixer and combines
this photocurrent with an external modulation with the desired modulation frequency of
the injected signal νmod, one finds in principle in the output of the mixer the difference
frequency νdiff between the actual and the desired modulation frequency. By actuating the
signal laser’s internal PZT to shift its carrier frequency , ν1, one can zero the modulation
frequency difference νdiff , and the control loop can be closed. This control loop allows
a step-wise change of the desired modulation frequency νmod by 10kHz without losing
lock. This is fundamental for the latter measurement of the signal transfer function. Now
that the phase lock between the two lasers is established, a fraction of the signal laser is
coupled into a single mode polarization-maintaining fiber. This is necessary because the
signal laser does not fit onto the same table as the rest of the experiment. The output
of the fiber is then mode matched into the interferometer. The optimization of the mode
matching is done as an intermediate step of the Michelson interferometer alignment. The
signal-recycling mirror is not integrated into the setup and the main interferometer beam
is blocked before entering the interferometer. The power-recycling mirror is ramped and
the differential arm length is manually set to resonance. Hence, the mode matching
efficiency can be measured with the photodiode normally used for locking the power-
recycling cavity. Mode matching of the signal laser to the Michelson interferometer is
not critical and a mode matching efficiency of about 90% is sufficient. After alignment a
combination of a half-wave plate and a PBS are used to attenuate the signal laser beam.
This is followed by two gray filters which have individual transmittances of only 1%. This
strong attenuation of the signal laser field is necessary to achieve a signal to noise ratio
at the signal recycling resonance frequency of only 15 dB. Without the attenuation the
whole homodyne detector is saturating, thereby not allowing a reasonable measurement.
Using only a single sideband for generating signals inside the interferometer is basically
different from a phase modulation imprinted by a gravitational wave. However, in a
vacuum noise limited signal-recycled interferometer with a detuning frequency larger than
the signal-recycling cavity bandwidth, only one signal sideband is propagating inside the
signal-recycling cavity, whereas the other sideband is suppressed greatly, see [SHSD04].
Hence a single sideband is sufficient to characterize the signal transfer function of the
dual-recycled interferometer.

As an example of successful injection of signal sidebands into the power-recycled
Michelson interferometer, the signal transfer function in the range 4.5–14.5MHz is dis-
played in Figure 5.20. The signal transfer function (shown as a magenta curve) is mea-
sured with the signal laser’s single sideband injection method. The power-recycled Michel-
son interferometer is fully locked during this measurement. For the measurement, the
desired modulation frequency, νmod, is changed manually in steps of 10 kHz over the fre-
quency range of the displayed measurement. The spectrum analyzer is run in the max
hold mode to measure only the maximum amount of power at a given frequency. The
increase in the SNR is also visible in Figure 5.20. As references the vacuum noise and
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Figure 5.19: Layout of the control scheme of the phase-locked loop (PLL) of the two lasers. Both
lasers are overlapped on a 50/50 beam splitter. One output of the beam splitter is detected with a
photodiode, which senses an amplitude modulation of ν0−ν1. The resulting photocurrent is mixed
with an external modulation of the desired modulation frequency, νmod. Now the resulting current
contains the modulation frequency difference, νdiff , between the actual and desired modulation
frequencies. This frequency difference can be adjusted to zero with the signal laser PZT and the
PLL can be closed.

squeezed vacuum noise without injected signals are given by the solid red and blue curves.
The dashed curves with the same colors correspond to the vacuum and squeezed vacuum
noises with injected signals. In these traces one can see ten signal peaks with a frequency
spacing of 1 MHz in the range 5–14 MHz. These curves are ten individually measured
curves artificially merged together to see overall ten signals in one trace. One can see
that the SNR of the squeezed-light-enhanced measurement is approximately 2 dB larger
compared to normal interferometer performance since the vacuum noise level has been
lowered.

5.4 Experimental results

Now that we have seen that the dual-recycled Michelson interferometer can be fully locked
in all three degrees of freedom and how the signal injection can be achieved, we can present
the results of the squeezed-light-enhanced dual-recycled Michelson interferometer. Note
that all measurements presented here are at least 5 dB above the detection dark noise
which has been removed from the measured data. The harmonic pump double passing
the nonlinear crystal of the OPA provided a classical gain of five. The relative phase
between the harmonic pump and the fundamental field inside the OPA cavity is locked
to deamplification so that a dim broadband amplitude squeezed beam of about 92µW
is generated at a wavelength of 1064 nm. While the filter cavity and the signal-recycling
cavity are blocked, the dim amplitude squeezed beam is guided towards the homodyne
detector. Together with the vacuum noise, this frequency-independent squeezed field is
measured by the homodyne detector as a reference in the amplitude quadrature. The
local oscillator power used in the homodyne detector for all measurements presented is
measured to be 50 mW. The resulting spectra are shown in Figure 5.21. Due to a slight
difference in the transfer functions of the homodyne photodiodes used, the vacuum and
the squeezed vacuum noise spectra are not flat and rise for higher frequencies. After
measurement of these frequency-independent references, the filter cavity is locked to a
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Figure 5.20: Signal transfer function of the power-recycled Michelson interferometer. The vacuum
noise (solid red curve) and the squeezed vacuum noise (solid blue curve) are displayed as references.
The corresponding dashed curves in the same color represent the vacuum noise and squeezed
vacuum noise with ten injected signals. Each of these curves is artificially merged together from
ten individual measurements. One can see that the maxima of the signal peaks follow the signal
transfer function of the power-recycled Michelson interferometer (solid magenta curve). The
improvement in the SNR by using squeezed field injection is measured to be about 2 dB in this
case.

sideband frequency of -10 MHz, whereas the signal-recycling cavity is still blocked. Then
the amplitude squeezed field which gets reflected at the detuned locked filter cavity is
measured by the homodyne detector. Figure 5.21 shows the vacuum (red curve) and
frequency-independent squeezed noise (blue curve) in comparison to the resulting spec-
trum of the frequency-dependent squeezed field back-reflected from the filter cavity (green
curve). One can see the effect of the rotating ellipse (see Section 4.4). At low frequencies
the spectrum is amplitude squeezed but turns into phase quadrature squeezing at the
resonance frequency of 10 MHz. As a result, the measured spectrum in the amplitude
quadrature shows a large amount of anti-squeezing. At higher frequencies the frequency-
dependent field turns back into an amplitude squeezed state. Blocking the filter cavity
while the dual-recycled Michelson interferometer is fully locked with a signal-recycling
cavity detuned to a sideband frequency of +10MHz results in the magenta curve in Fig-
ure 5.21. Now that the dim amplitude squeezed field is only reflected at the detuned
signal-recycling cavity, the resulting spectrum looks almost identical to previous case.
This shows that the effect to the measured data of the detuning frequencies with different
leading sign is the same, although the effect looks different in the sideband picture (see
Figure 4.9). If the dim amplitude squeezed field is reflected at the detuned locked filter
cavity and at the detuned locked signal-recycling cavity, the effects should compensate
and the measured result should be the same as the measured squeezed field reference.
In Figure 5.21, the cyan colored curve shows the result of the dim amplitude squeezed
field reflected first at the filter cavity and afterwards at the signal-recycling cavity. In
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Figure 5.21: Amplitude quadrature noise spectra measured with the homodyne detector to see the
effects of the filter and signal-recycling cavities on the formerly frequency-independent squeezing
produced by the OPA. As references, the vacuum noise and squeezed vacuum noise are given by
the red and blue curves, respectively. If the squeezed field is only reflected at the filter cavity
or at the signal-recycling cavity before it is measured with the homodyne detector, one obtains
the green and the magenta curves. Both are almost identical. One can see amplitude squeezing
at low and high frequencies, whereas around the detuning frequency of 10 MHz only the anti-
squeezing is visible due to the rotation of the squeezing ellipse. If the squeezed field is reflected
at both the filter cavity and the signal-recycling cavity this results in the cyan curve, which
shows a broadband improvement, compared to the vacuum noise level. Only around the detuning
frequency the resulting curve differs from the squeezed vacuum noise curve. This can be explained
by the intra-cavity losses due to the PBS in the signal-recycling cavity. This loss deteriorates the
squeezing performance only in the region where the squeezing leaks into the cavity. As a result
the cyan curve proves that the rotation of the ellipse, due to the signal-recycling cavity, can be
compensated by prior reflection at the filter cavity.

comparison to the squeezed reference field, one can see that for low and high frequencies
the curves are identical. Around the resonance frequency of the filter cavity and signal-
recycling cavity, the squeezing is deteriorated. This is due to the fact that for frequencies
within the linewidth of the cavity the squeezed field propagates through the cavity and is
not directly reflected at the cavity mirror. Therefore all losses inside the cavity will affect
the amount of squeezing (see Equation 2.74). The intra-cavity losses of the filter cavity
are low and can be neglected. On the contrary, the signal-recycling cavity contained three
polarizing beam splitters in the south port, the main beam splitter of the interferometer,
and the folding mirror; all these components together have a total loss of of about 1.1%.
Together with a signal-recycling cavity finesse of FSRC = 59 the resulting total loss for
the squeezing is 48%. This degrades an initial squeezing of about -2.5 dB into a resulting
squeezing of -1.1 dB, which corresponds to the effect visible in Figure 5.21.

Figure 5.22 shows almost the same plots as Figure 5.21. Here, the difference is that
the two curves, where the dim amplitude squeezed field is only reflected at either the filter
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Figure 5.22: Noise spectra measured with the homodyne detector to observe the effects of the
filter and signal-recycling cavities on the formerly frequency-independent squeezing produced by
the OPA. This figure shows almost the same result as Figure 5.21, except the curves where the
squeezed light is either reflected at the filter cavity (green curve) or at the signal-recycling cavity
(magenta curve) are different. To measure these two, the offset of the homodyne error signal is
changed such that the measured noise is in a slightly different quadrature than the amplitude
quadrature. One can clearly see that each of the curves touches the curve measured by reflecting
the squeezed field at both the filter and signal-recycling cavities, at a different frequency. This
behavior has already been seen in Section 4.4.

cavity or at the signal-recycling cavity, are measured in a different quadrature. One can
see that the optimal squeezing improved frequency is slightly to one side the detuning
frequency. This behavior has already been discussed in Section 4.4.

To measure the signal transfer function, the signal laser was used to inject signals into
the dual-recycled Michelson interferometer as described in Section 5.3. The idea is to
measure the signal transfer function of the dual-recycled Michelson interferometer as well
as to demonstrate the increasing SNR by replacing the ordinary vacuum noise—which
couples into the interferometer through the dark port—with a squeezed vacuum state.
Figure 5.23 shows the results of these measurements. The vacuum noise and frequency-
independent squeezed vacuum noise are given as references (solid red and blue curves,
respectively). The corresponding curves with the injected signals are the dashed red
and blue curves. Each of these represents an artificially merged trace of ten individual
measurements with injected signals in the range between 5–14 MHz equally separated by
1 MHz. One can easily see that the SNR is increased by the amount of squeezing. At
a frequency of 5 MHz this increase in the SNR corresponds to 2.8 dB, which degrades to
about 2 dB at 14 MHz by going to higher frequencies. This degradation of the squeezing
performance is due to the limited linewidth of the OPA cavity of 23.5MHz. This limitation
could be removed by lowering the reflectivity of the outcoupling mirror, which would
need an increase in the harmonic pump power of the OPA. More details on how one
could increase the amount of squeezing are given in Section 2.11. The magenta curve
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Figure 5.23: Measured signal transfer function of the dual-recycled Michelson interferometer
together with the clear demonstration of the increased SNR of the squeezed-light-enhanced dual-
recycled Michelson interferometer. The vacuum noise (solid red curve) and the squeezed vacuum
noise (solid blue curve) are displayed as references. The dashed curves with the same color show
the corresponding vacuum and squeezed vacuum noise curves including ten injected signals. Each
of these curves has been artificially merged together by ten individual measurements containing
one signal. One can see that the SNR ratio is improved around 5 MHz by 2.8 dB. This improvement
degrades at higher frequencies due to the limited linewidth of the OPA cavity of 23.5 MHz. The
maxima of the signal peaks follow nicely the measured signal transfer function of the dual-recycled
Michelson interferometer (magenta curve).

displayed in Figure 5.23 shows the signal transfer function of the dual-recycled Michelson
interferometer. This is measured by using the max hold function of the spectrum analyzer.
Hence, the frequency of the injected signals can be changed slowly until the maxima of the
individual signals composed the signal transfer function in the desired frequency range.
One can see a nice resonance structure induced by the detuned signal-recycling cavity.
The maximum of the signal transfer function lies in the region of 10 MHz. Compared to
4.5MHz the signal strength at 10 MHz is increased by about 12 dB.

In conclusion, this experiment is the first realization of an experiment using power
recycling, signal recycling and squeezed light to achieve a broadband increase in the sen-
sitivity of a Michelson interferometer. This broadband non-classical noise suppression
can only be achieved by the use of a separate filter cavity, which compensated the effect
of the detuned signal-recycling cavity that normally would have caused a rotation of the
squeezing ellipse (see Chapter 4). The optical layout of the experiment is directly appli-
cable to large scale gravitational wave detectors, which utilize signal recycling (such as
GEO600 [GEO]) and can lead to an improvement in the vacuum noise limited regime.
The planned second generation detector Advanced LIGO [ADVa] will use resonant side-
band extraction and can also be enhanced by the use of squeezed light if the filter cavity
resonance structure is matched to the signal-extraction cavity. Advanced LIGO and other
future generation detectors will use such large laser powers that the radiation pressure
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noise (see Equation 4.2) can become dominant in the low-frequency regime. Additional
filter cavities are needed then to achieve a broadband enhancement in this radiation pres-
sure dominated area [KLM+01, PC02, HCC+03]. The application of squeezed light for
enhancing a large scale gravitational wave detector demands that the frequency range in
which the squeezing is produced to cover the gravitational wave detection band of 10 Hz–
10 kHz. Recent experiments [MGB+04, VCH+06a] have shown good results of squeezing
in the gravitational wave frequency regime. The generation of low-frequency squeezing
will also be discussed in Chapter 6 of this thesis. Finally the improvement in a large scale
gravitational wave detector should be a factor of two in sensitivity. This corresponds to
measured -6 dB of squeezing at the detector. Including only 17% losses this corresponds
to a production of -10 dB in the OPA cavity. A detailed analysis of the loss estimation of
the presented tabletop experiment is described in the following subsection in comparison
with loss estimation for a large scale interferometer.

5.4.1 Loss estimation

This section analyzes the losses of the described tabletop squeezed-light-enhanced dual-
recycled Michelson interferometer in detail. From this analysis the maximum affordable
losses for a large gravitational wave detector are estimated. In the case of the squeezed-
light-enhanced dual-recycled Michelson interferometer presented in this chapter, we start
at the OPA cavity, which has an escape efficiency (see Equation 2.94) of 90%. On the way
to the filter cavity the squeezed field passes the Faraday isolator, which has a measured
transmission efficiency of 94%. The mode matching efficiency of the squeezed field into
the filter cavity is only 95%. On the way to the signal-recycling cavity, whose mode
matching is measured to have an efficiency of 95%, a Faraday rotator is double passed
with an transmission efficiency of 97%. The overlap between the local oscillator and the
squeezed beam on the homodyne beam splitter provokes a maximum homodyne visibility
of ξ = 97.5%, which results in a homodyne efficiency of ξ2 = 95%. The last loss in this list
is the limited quantum efficiency of the individual photodiodes, which is 93±3%. All these
efficiencies are collated in Table 5.1. The overall efficiency of the squeezed field is then
65%. Using this together with the achieved SNR improvement at 6 MHz in Figure 5.23 of
2.8 dB, one can calculate the amount of squeezing inside the OPA. One finds that about
5.7 dB of squeezing is produced inside the OPA. How these individual losses degrade the
initial squeezing to the measured value can also be seen in Figure 5.24. As mentioned
before, the degradation of the squeezing amount to higher frequencies is due to the limited
linewidth of the OPA cavity of 23.5MHz. Another frequency-dependent loss mechanism
is the additional loss around the detuning frequency. As we have already discussed, this
is mainly induced by the three polarizing beam splitters which are integrated into the
south port of the dual-recycled Michelson interferometer. They are needed for the control
scheme of the interferometer. In a large scale interferometer these losses are much lower
and will be neglected in the following.

To achieve an improvement in the sensitivity of GEO600 by a factor of two, one needs
to detect 6 dB of squeezing. Such a nonclassical noise suppression has been achieved before
in a simple squeezing experiment at the GW detector’s laser wavelength of 1064 nm. In
[LRB+99] 7 dB of squeezing has been measured. Taking the losses of this experiment
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OPA escape efficiency: ρ 90%

Transmission efficiency of the Faraday isolator (single pass) ηFI 94%

Transmission efficiency of the Faraday rotator (double pass) ηFR 97%

Mode matching efficiency to the filter cavity: mmFC 95%

Mode matching efficiency to the signal-recycling cavity: mmSRC 95%

Homodyne efficiency ξ2 95%

Quantum efficiency of the photodiodes: ηPD 93%

Overall efficiency: 65%

Table 5.1: List of the individual efficiencies applied to the squeezed field from its generation until
its detection for the dual-recycled Michelson interferometer experiment
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Figure 5.24: Measured squeezing strength versus detection efficiency for three different examples.
The lower blue curve corresponds to the dual-recycled Michelson interferometer experiment de-
scribed in this chapter. The red curve shows the result for the discussed case of GEO600 with 17%
overall losses turning an initial squeezing of 10 dB into a measured 6 dB. The dashed gray curve
shows the dependency of an initial squeezing of 13 dB. The shaded areas labelled with Roman
numerals correspond to different components causing losses: (I) escape efficiency of the OPA; (II)
losses due to mode matching; (III) transmission losses due to Faraday isolators/rotators; (IV)
quantum efficiencies of the photodiodes.
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into account, one can recalculate that the squeezing inside the used OPO is indeed at
least 10 dB. Hence, we will assume in the following that we can produce 10 dB inside the
OPA, which may only be degraded to 6 dB. This limits the overall loss to 17%. To reach
this goal, the following efficiencies of the individual loss components and mechanisms
have to be achieved. Compared to the tabletop experiment described in this chapter, the
outcoupling efficiency of the OPA has to be increased to a value of 95%. This is achievable
by lowering the outcoupling mirror’s reflectivity of the existing OPA to 93%. To obtain the
same amount of squeezing, the harmonic pump power has to be increased quadratically
with respect to the outcoupling mirrors’ transmissivity in return. The next big loss
sources in the experiment are the single pass through the Faraday isolator and the double
pass through the Faraday rotator. Both are made from terbium gallium garnet crystals,
which have a transmission loss of 0.5% cm−1. The main differences between the isolator
and the rotator are the quantity and quality of polarizing beam splitters (PBSs) used.
The isolator uses two PBSs with an off-the-shelf anti-reflection (AR) coating, whereas the
rotator uses only one PBS with a custom-made AR coating. The rotator also allows an
optimization of the magnetic field. The main losses of the Faraday rotator are therefore
the off-the-shelf anti-reflection (AR) coating of the terbium gallium garnet crystal. If one
optimizes all the described elements concerning the isolator and the rotator, an overall
loss of the three passes through the isolators/rotators of 3% should be possible. The next
loss sources we have to discuss are the individual mode matching efficiencies into the filter
cavity and the signal-recycling cavity. In the case of GEO600, a suspended triangular
cavity with an optical round trip length of 1200 m can be used as a filter cavity (see
Chapter 7 for the optical integration into the existing vacuum system). The much longer
Rayleigh range compared to the filter cavity used in the tabletop experiment should result
in a more easily adjustable mode matching. Nevertheless, large mode matching optics
with a high homogeneity are needed. However, the lack of intra-cavity components and
the low circulating light power could result in a mode matching efficiency of 99%, taking
the experience with current GW detectors into account. Presumably the mode matching
into the signal-recycling cavity will be more challenging due to the high circulating light
power. This results in a thermal lens of the interferometer’s beam splitter, which can
reduce the Gaussian beam profile quality. As a consequence the mode matching efficiency
into the signal-recycling cavity should be lower than that for the filter cavity. However,
it is planned to use thermal compensation schemes [WAA+04] that could also lead to a
mode matching efficiency of 99% of the signal-recycling cavity. The previously discussed
frequency-dependent loss acts on the squeezing only in the frequency range around the
detuning frequency of the signal-recycling cavity. This is due to the intra-cavity loss
acting on the squeezing while it is propagating through the signal-recycling cavity. As
mentioned before the main losses in the tabletop experiment are due to the PBSs, which
are not present in any large scale GW detector. Although the intra-cavity losses of the
signal-recycling cavity are not negligible, this loss is still acting mostly at the detuning
frequency. Hence, only the improvement at the resonance frequency is degraded but
the neighboring frequencies would still profit from the squeezing, providing an improved
detection bandwidth. Assuming that a homodyne readout would be used in the advanced
detectors, the signal beam coming out of the interferometer has to be mode matched with
a strong local oscillator beam on a 50/50 beam splitter. The reflected field from the AR
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coating of the interferometer’s beam splitter could be used as a local oscillator. This
would have a similar mode shape compared to the signal beam which would result in an
increased mode matching efficiency. A value of 99% should be achievable. Finally the
quantum efficiency of the photodiodes has to be taken into account. The photodiodes
used in the tabletop experiment are currently the best available photodiodes for 1064 nm
and have a quantum efficiency of 93 ± 3%. Here we assume that this quantum efficiency
can be reached for high power photodiodes, because in a large scale interferometer the
photodetectors are required to detect a power of about 1 W. The described loss budget
described so far is displayed in Figure 5.24. As one can see an overall efficiency of 83% is
possible, which would degrade an initial squeezing of 10 dB to 6 dB.

Following the above analysis of the loss budget on the squeezed field in a large scale
GW detector, it seems feasible to achieve an overall improvement of the sensitivity by a
factor of two. This presumes that 10 dB of squeezing can be produced inside an OPA and
an overall loss of only 17% is affecting the squeezed field on its way to detection.
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Chapter 6

Coherent control of broadband vacuum
squeezing

This chapter represents the published article [CVDS07] containing the newly developed
locking scheme for the optical parametric oscillator (OPO) cavity and the squeezing re-
sults achieved in the low-frequency band from 10 Hz–10 kHz. These results were obtained
in collaboration with H. Vahlbruch who will present a detailed analysis of the experiment
in his thesis [Vah]. The experiment described here uses the experience gained from an ear-
lier experiment which also aimed at the generation of low-frequency squeezing [SVF+04].
An optical subtraction method was used in the previous experiment to cancel the techni-
cal noise at low frequencies. A description of the optical subtraction scheme used in the
former experiment is given in Appendix D. The newly developed locking scheme does
not require any optical subtraction to achieve a squeezed quantum noise performance at
low frequencies. The new experiment consequently avoids superimposing any technical
noise onto the squeezed beam. Hence, a solely vacuum seeded OPO was used to generate
low-frequency squeezed vacuum, which was stably controlled with the newly developed
locking scheme.

6.1 Abstract

We present the observation of optical fields carrying squeezed vacuum states at side-
band frequencies from 10 Hz to above 35 MHz. The field was generated with type-I
optical parametric oscillation below threshold at 1064 nm. A coherent, unbalanced clas-
sical modulation field at 40 MHz enabled the generation of error signals for stable phase
control of the squeezed vacuum field with respect to a strong local oscillator. Broadband
squeezing of approximately −4 dB was measured with balanced homodyne detection. The
spectrum of the squeezed field allows a quantum noise reduction of ground-based grav-
itational wave detectors over their full detection band, regardless of whether homodyne
readout or radio-frequency heterodyne readout is used.

6.2 Introduction

Quantum noise is one of the limiting noise sources in laser interferometers and appears
as an uncertainty of the light field’s quadratures, which carry the signal of the interfer-
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ometric measurement. For coherent laser radiation the quantum noise is minimal, and
symmetrically distributed among pairs of noncommuting field quadratures. The finite,
non-zero value of this so-called vacuum noise is a manifestation of Heisenberg’s uncer-
tainty relation (HUR). However, for certain nonclassical states of light the quantum noise
can be asymmetrically distributed among field quadratures, such as amplitude and phase
quadratures. In the case of squeezed states [Wal83], the quantum noise of one quadrature
is reduced below vacuum noise, whereas the quantum noise in the orthogonal quadrature
is increased without violating the HUR. Since an interferometer measures a certain, single
quadrature of the field, an appropriately squeezed field can improve the signal-to-noise
ratio in a quantum noise limited interferometer.

The application of squeezed states in laser interferometers was first proposed by Caves
[Cav81] in 1981. Motivated by the challenging effort at the direct observation of gravita-
tional waves [Tho83], Caves suggested injecting squeezed vacuum states of light into the
dark signal port of interferometric gravitational wave detectors. The goal of that proposal
was the reduction of the vacuum noise of the interferometer’s readout laser beam, which
is often called shot noise. Two years later Unruh [Unr83] realized that squeezed light
can be used to correlate interferometer shot noise and radiation pressure noise (back-
action noise) in such a way that the so-called standard quantum limit can be broken,
and a quantum nondemolition measurement on the mirror test mass position can be per-
formed. For an overview we refer the reader to Ref. [KLM+01]. The theoretical analysis
of Harms et al. [HCC+03] further motivated research on squeezed states. They found that
advanced interferometer recycling techniques [Mee88] that also aim for an improvement
of the signal-to-shot-noise ratio are also fully compatible with squeezed-field injection.

The first observation of squeezed states was done by Slusher et al. [SHY+85] in 1985.
Since then different techniques for the generation of squeezed light have evolved. One
of the most successful approaches to squeezed-light generation is optical parametric os-
cillation (OPO). Hence common materials like MgO:LiNbO3 can be used to produce
broadband squeezing at the carrier wavelength of today’s gravitational wave (GW) de-
tectors (1064 nm). In the future, various recycling techniques as well as the most powerful
single-mode lasers available will be used to reduce the quantum noise in GW detectors. It
is generally expected that the interferometer sensitivities will be limited by shot noise in
the upper audio band and by radiation pressure noise in the lower audio band [Sho03]. At
intermediate frequencies, both quantum noise and thermal noise [BGV99] are expected
to dominate the overall noise floor. Therefore squeezing of quantum noise indeed offers a
further increase of GW detector sensitivities.

Gravitational wave detectors require a broadband squeezed field in the detection band
from about 10 Hz to 10 kHz. If a radio-frequency (rf) heterodyne readout is used, squeez-
ing in the band of 10 kHz around twice the rf-phase modulation frequency is also required
[GBL87]. Furthermore, GW detectors utilize recycling cavities, implying that the orien-
tation of the squeezing ellipse needs to be designed for every sideband frequency. The
transformation from frequency-independent squeezing to optimized frequency-dependent
squeezing can be performed by optical filter cavities, as proposed in [KLM+01] and
demonstrated in [CVH+05]. The combination of squeezed-field injection and optimized
orientations of squeezing ellipses, as well as power recycling and signal recycling of in-
terferometers, has been demonstrated in [VCH+05, VCH+06b]. Squeezed states at audio
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frequencies have been demonstrated recently [MGB+04, MMG+05, VCH+06a].

Applications of squeezed states generally require active phase control with respect to
the local oscillator field of the readout scheme. Controlling the squeezed fields is indeed
the basic problem for squeezed-field applications in GW detectors. Common control
schemes rely on the injection of a weak, phase-modulated seed field at the carrier frequency
into the OPO, thereby turning the device into an optical parametric amplifier (OPA). It
has been shown that even the lowest carrier powers introduce too large amounts of classical
laser noise at audio frequencies, and squeezing can no longer be achieved [MGB+04]. On
the other hand, phase modulation sidebands are not present in a pure vacuum field.
For this reason a coherent control field could not be created in [MGB+04] for either
the squeezed-field carrier frequency or the relationship between the squeezed quadrature
angle and local oscillator. The quadrature angle was locked instead using so-called noise
locking, whose stability was found to be significantly less than what can be achieved with
coherent modulation locking [MMG+05] as used in GW interferometers.

In this paper we report on the generation and coherent control of broadband squeezing
from subaudio frequencies up to radio frequencies. The coherent control scheme that was
first used in [VCH+06a] is presented in detail.

6.3 Control scheme

All current interferometric gravitational wave detectors are Michelson interferometers
operating close to a dark fringe at the signal output port. The optical field at the
output port consists of a local oscillator field that beats with modulation sideband fields
at frequencies Ωs generated by gravitational waves and (quantum) noise. In homodyne
detection, the local oscillator has the same optical frequency ω0 as the main interferometer
laser field. In heterodyne detection the local oscillator consists of a combination of upper
and lower modulation sideband fields at frequencies ω0 ± ωm. Both detection schemes
provide eigenvalues of the time-dependent quadrature operator q̂θ(Ωs,∆Ω, t), where ∆Ω
is the resolution bandwidth (RBW) and θ the quadrature angle. The angle θ might be
chosen to select the quadrature with the optimum signal-to-noise ratio. In the following
we will refer to the amplitude quadrature (θ = 0) and the phase quadrature (θ = 90◦) with
the subscripts 1 and 2. For vacuum fields, the variances of the quadrature operators are
typically normalized to unity and the Heisenberg uncertainty relation sets the following
lower bound for the product of the quadrature variances:

∆2q̂1(Ωs,∆Ω, t) × ∆2q̂2(Ωs,∆Ω, t) ≥ 1 . (6.1)

For a broadband amplitude-squeezed field, ∆2q̂1(Ωs,∆Ω, t) is always below the unity
vacuum noise reference for all sideband frequencies within the squeezing band. The HUR
requires that in this case ∆2q̂2(Ωs,∆Ω, t) is greater than unity by a factor of at least
the inverse of the squeezed quadrature variance. A squeezed vacuum field is said to be
pure if, for all sideband frequencies in a certain band, the equals sign holds in Eq. (6.1).
If a pure, squeezed vacuum field senses optical loss due to absorption or scattering, the
squeezed field gets mixed with the (ordinary) vacuum field. In that case the equals sign
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Figure 6.1: Schematic of the experiment. Generation and full coherent control of a broadband
squeezed vacuum field at 1064 nm was achieved utilizing two independent but phase-locked laser
sources. Laser 1 provided the main carrier frequency of homodyning local oscillator (ω0). It also
provided the quadrature control field (QCF), which was frequency shifted through an acousto-
optical modulator (AOM), and the optical parametric oscillator (OPO) pump field, which was
produced through second harmonic generation (SHG). Laser 2 provided another frequency-shifted
control field for locking the OPO cavity length. PBS: polarizing beam splitter; DC: dichroic
mirror; LO: local oscillator, PD: photodiode; EOM: electro-optical modulator, PZT: piezoelectric
transducer.

in Eq. (6.1) is no longer realized; however, we still speak of a squeezed vacuum field or
just vacuum squeezing.

For the application of a squeezed vacuum field in an interferometer, the squeezed
quadrature needs to be matched to the interferometer readout quadrature. To achieve
this goal the OPO cavity needs to be length controlled to resonate for the carrier frequency
ω0. Furthermore, the wave front of the second-harmonic OPO pump field has to be phase
controlled with respect to the interferometer readout field. Note that the phase of the
OPO pump field determines the phase of the squeezed field. Both control requirements
mentioned can easily be realized if a radio-frequency phase-modulated field at carrier
frequency, that is sent through the OPO cavity, can be utilized. If such a field cannot
be applied, for example because its noise prevents the observation of squeezed states,
coherent control is much more difficult to achieve. In this section we discuss in detail the
coherent control scheme that was first used in [VCH+06a].

Our scheme uses control fields that are coherent with the squeezed field without inter-
fering with it. The latter ensures that noise from the control fields does not deteriorate
the nonclassical performance of the squeezed field. Altogether two coherent control fields
are required. Both are frequency shifted against the carrier frequency ω0. A coherent,
frequency-shifted field can be generated by an independent but phase-locked laser source
or by an acousto-optical modulator (AOM) acting on a tapped laser beam from the
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Figure 6.2: Complex optical field amplitudes at three different locations in the experiment, which
are marked in Figure 6.1.

same source. The first frequency-shifted control field enables length control of the OPO
cavity. It carries radio-frequency phase modulation sidebands, is orthogonally polarized
with respect to the squeezed vacuum field, and is injected into the OPO cavity. The
frequency shift should exactly compensate the birefringence of the nonlinear crystal such
that both control field and squeezed field simultaneously resonate in the OPO cavity.
The frequency shift as well as the orthogonal polarization prevents the interference of the
squeezed vacuum field and the control field.

The control of the quadrature angle of the squeezed vacuum with respect to a local
oscillator or an interferometer carrier field is more challenging. This request is achieved
by the second control field (quadrature control field, QCF) which is also injected into
the OPO cavity. This field does sense the OPO nonlinearity but is frequency shifted
against the vacuum squeezed mode. The QCF allows the generation of two individual
error signals for two different servo control loops. The first error signal is used to control
the relative phase between the QCF and the OPO pump field. The second error signal is
used to control the relative phase between the OPO pump field and the local oscillator
field of the interferometer, or rather the homodyne detector. The combination of both
error signals provides the means to stabilize the quadrature of the squeezed vacuum field
with respect to a local oscillator.

In the following we show that the required error signals can be gathered from the QCF
leaving the OPO cavity, and from the interference of the QCF with the local oscillator
field at the homodyne detector. We label those two error signals SQCF−P

err and SQCF−LO
err ,

respectively, and first derive an expression for the parametrically amplified quadrature
control field QCF. Before parametric amplification the QCF at optical frequency ω0 + Ω
represents a single sideband field with respect to the carrier frequency ω0 (see ➀ in
Figs. 6.1 and 6.2). In the following we describe this field by the real-valued amplitude
αΩ. The expectation values of the annihilation operators of the upper and lower sideband
fields at frequencies ω0 ± Ω may then be written as follows:

165



Chapter 6 Coherent control of broadband vacuum squeezing

PZT

Output

coupler

HR

coating

AR

coating

CopperPeltier element

Crystal

MacorBrass ring

Figure 6.3: Cut through the squeezed-light source. The hemilithic cavity is formed by the highly
reflection-coated crystal back surface and an outcoupling mirror. The inside of the oven consists
of two Peltier elements which are used to actively stabilize the temperature of the crystal. The
thermal contact to the crystal is done via copper plates. To thermally shield the crystal from
outside, Macor blocks are used. These have two small drillings on the optical axis for the laser
beam. The temperature sensor is embedded into the copper plates. A stack made out of a brass
ring, a PZT, the outcoupling mirror, and a Viton ring is clamped together with an aluminum cap.
This stack is bolted onto the oven to have a rigid cavity.

〈â+〉 ≡ 〈â(ω0 + Ω)〉 = αΩ , 〈â−〉 ≡ 〈â(ω0 − Ω)〉 = 0 . (6.2)

The quadrature amplitudes [CS85] are given by

â1 =
1√
2
(â+ + â†−) , â2 =

1

i
√

2
(â+ − â†−) . (6.3)

Here all quantities are defined for discrete frequencies. This simplifies our description and
is reasonable because the bandwidth of the error signals is small compared to Ω.

The OPO acts on these quadrature amplitudes in different ways. If it amplifies the
phase quadrature then it deamplifies the amplitude quadrature, and vice versa. Mathe-

matically, this effect of amplification and deamplification of the quadratures ā=

(
â1

â2

)

can be described with the use of the squeezing operator

S(r, φ) = exp
[
r
(
â+â−e−2iφ − â†+â

†
−e2iφ

)]
(6.4)

with squeezing factor r and squeezing angle φ [CS85]. The resulting squeezed quadrature
vector b is given by:

b =

(
b̂1(Ω)

b̂2(Ω)

)
= S(r, φ)āS†(r, φ)

=

(
cosh(r) + sinh(r) cos(2φ) sinh(r) sin(2φ)

sinh(r) sin(2φ) cosh(r) − sinh(r) cos(2φ)

)
ā .

(6.5)
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Figure 6.4: Theoretical OPO cavity transmission [curve (a)] versus cavity detuning (peak normal-
ized to unity). The cavity linewidth is 29.8 MHz. The 40 MHz frequency offset from the carrier
frequency of the AOM—producing the QCF—is marked with the plumb line [curve (b)].

The expectation values of the new squeezed quadrature amplitudes b̂1(Ω) and b̂2(Ω)
take the following form

〈b̂1(Ω)〉 = − iαΩ√
2
S2φ sinh(r) +

αΩ√
2

[cosh(r)+C2φ sinh(r)] ,

〈b̂2(Ω)〉 =
αΩ√

2
S2φ sinh(r) − iαΩ√

2
[cosh(r)−C2φ sinh(r)] .

(6.6)

To derive the corresponding electrical field

EQCF(t) ∝ 〈b̂(+)(t) + b̂(−)(t)〉 (6.7)

with

b̂(±)(t) ≡ 1

2

[
b̂1(t) ± ib̂2(t)

]
e∓iω0t (6.8)

we need the Fourier transformations of b̂1(Ω) and b̂2(Ω). Since we consider a single
frequency we obtain

b̂1(t) = b̂1(Ω)e−iΩt + b̂∗1(Ω)eiΩt ,

b̂2(t) = b̂2(Ω)e−iΩt + b̂∗2(Ω)eiΩt .
(6.9)

By choosing exp (r) =
√
g we simplify our expression and find for the outgoing QCF from

the OPO

EQCF(t) ∝ 1 + g√
2 g

αΩ cos(ω0 t+ Ω t) − 1 − g√
2 g

αΩ cos(ω0 t− Ω t− 2φ) . (6.10)

This is the desired expression for the parametrically amplified QCF, and forms the basis
for the following derivation of the two error signals SQCF−P

err and SQCF−LO
err . One can easily
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see in Eq. (6.10) that EQCF(t) is composed of two sidebands that are equally separated
by Ω from the carrier frequency ω0. This is also illustrated in the sideband scheme ➁

in Figure 6.2. The quadrature where these two sidebands beat with each other can be
chosen using the squeezing angle φ. If one uses a squeezing angle of φ = 0 the following
electrical field is found:

EQCF(t)φ=0 ∝ 1√
2

(√
g cos(Ωt) − i

1√
g

sin(Ωt)

)
× aΩ(Ω)e−iω0t + c.c. , (6.11)

which has also been provided in [VCH+06a].
Detection of the outgoing field EQCF(t) from the OPO with a single photodiode results

in the following photocurrent:

IQCF ∝ αΩ
2

2 g
[(1 + g) cos (ω0 t+ Ω t) − (1 − g) cos (ω0 t− Ω t− 2φ)]2 . (6.12)

Demodulating IQCF with frequency 2Ω and subsequent low-pass filtering provide the error
signal SQCF−P

err for the relative phase between the second-harmonic pump field and the
QCF, given in terms of the squeezing angle φ

With an appropriate demodulation phase one obtains the sinusoidal error signal

SQCF−P
err ∝

(
−1 + g2

)
α2 sin(2φ)

4 g
. (6.13)

Now that we are able to stabilize φ with respect to the QCF, the first step to a complete
coherent control of a squeezed vacuum generated by an OPO is satisfied.

In a second step the phase Φ between the second-harmonic pump field and the local os-
cillator needs to be controlled. The error signal SQCF−LO

err is generated from the difference
current of the two homodyne photodiodes PDHD1,2. Overlapping the local oscillator field
ELO ∝ αLOe−iω0te−iΦ + c.c. with the outgoing QCF EQCF(t) from the OPO at the LO
homodyne beam splitter results in two homodyne detector fields EHD1 and EHD2 which
are individually detected with a single photodiode. The complex field amplitudes of one
of the homodyne detector fields can be seen graphically in Figure 6.2,➂. Mathematically
they are given by

EHD1 =
1√
2

[
ELO + EQCF(t)

]

∝ 1√
2

[
αLOe−i(ω0 t+Φ) +

(
1 + g√

2 g
αΩ cos(ω0 t+ Ω t)

−1 − g√
2 g

αΩ cos(ω0 t− Ω t− 2φ)

)]
+ c.c. (6.14)

EHD2 =
1√
2

[
ELO − EQCF(t)

]

∝ 1√
2

[
αLOe−i(ω0 t+Φ) −

(
1 + g√

2 g
αΩ cos(ω0 t+ Ω t)

−1 − g√
2 g

αΩ cos(ω0 t− Ω t− 2φ)

)]
+ c.c. . (6.15)
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The difference current Idiff of the induced photocurrents IHD1,2 = |EHD1,2|2 is then given
by

Idiff ∝ 4
√

2αLO αΩ cos(Φ + ω0 t)√
g

×
[
(1 + g) cos (ω0 t+ Ω t) − (1 − g) cos(ω0 t− Ω t− 2φ)

]

∝

2
√

2αLO αΩ (−1 + g)√
g

× cos(Ω t+ 2φ+ Φ) ,

where Eq. (6.16) is the difference of the photocurrents after low-pass filtering. The de-
modulation of Idiff with Ω and again low-pass filtering results in the error signal SQCF−LO

err

for the relative phase Φ between the second-harmonic pump and the local oscillator

SQCF−LO
err ∝

√
2αLO αΩ (−1 + g)√

g
sin(2φ+ Φ) . (6.16)

This error signal depends not only on the relative phase between the second-harmonic
pump and the local oscillator Φ, but also on the squeezing angle φ. However, it becomes
clear that the combination of both error signals according to Eqs. (6.13) and (6.16) enables
full coherent control of the squeezed vacuum generated by an OPO with respect to the
local oscillator of a downstream experiment.

6.4 Experimental setup and results

Figure 6.1 shows the schematic of our experimental setup that was used to demonstrate
coherently controlled broadband vacuum squeezing. Altogether two independent, but
phase-locked laser sources (lasers 1 and 2) were utilized. Both were monolithic nonplanar
neodymium-doped yttrium aluminum garnet (Nd:YAG) ring laser of 2 and 1.2W single-
mode output powers at 1064 nm, respectively. Approximately 1.4W of laser 1 was used to
pump a second-harmonic-generation (SHG) cavity. The design of the SHG cavity was the
same as for our OPO cavity. The two differed only in the reflectivities of the outcoupling
mirrors.

A detailed sketch of our SHG and OPO cavity design and mounting is shown in
Figure 6.3. We used a hemilithic layout which was formed by an outcoupling mirror
and a highly reflection-coated crystal back surface. The oven was made of an aluminum
surrounding that houses the crystal and the Peltier elements and served as a heat sink.
The outcoupling mirror together with the piezoelectric transducer (PZT) and a Viton
ring formed a stack that was clamped together with an aluminum cap. This stack was
located in an aluminum plate that was bolted onto the aluminum surrounding of the
oven. Macor blocks were used to thermally shield the crystal from outside. The Macor
blocks had two small holes on the optical axis for the laser beam. A servo loop was used
for active temperature stabilization of the crystal. The required temperature sensor was
embedded into the copper plates and the servo feedback was put on the peltier elements.
The OPO as well as the SHG crystal were made from 7% doped MgO:LiNbO3 and had the
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dimensions 2.5×5×6.5mm3. The curved back surface of the crystals had a high-reflection
coating (R=99.96%) whereas the flat surface had an antireflection coating (R <0.05%)
for both wavelengths. The cavities had a free spectral range of approximately 4 GHz. The
crystals were mounted into the ovens in such a way that s-polarized fields could sense the
nonlinearity

The SHG used an outcoupling mirror with power reflectivities of R1064 nm = 92% and
R532 nm < 4%. The cavity length was controlled using the Pound-Drever-Hall (PDH) lock-
ing scheme with a phase modulation at a sideband frequency of 18 MHz. The generated
second-harmonic field had a power of up to 500 mW.

The OPO cavity utilized an outcoupling mirror with power reflectivities of R1064 nm =
95.6% and R532 nm = 20%. This resulted in a linewidth of 28.9MHz at 1064nm (see
Figure 6.4). For the OPO or OPA two different control loops for stabilizing the cavity
length were set up. The first cavity length control loop was used during alignment of our
experiment. It utilized a resonant s-polarized seed beam that carried phase modulation
sidebands at a frequency of 12 MHz for a PDH locking scheme. The error signal could
be generated using either the sum of the homodyne detectors or an additional detector
placed in transmission of the OPA (see Figure 6.1). The latter detector was also used
to determine the frequency offset between the s- and p-polarized laser beams inside the
OPA or OPO. The error signal was fed back to the PZT-mounted output coupler. The
second cavity length control loop was used for the generation of squeezed vacuum states
at low frequencies, since the first control loop introduced too much noise at low frequen-
cies (see Sec. 6.3). This control was realized with a p-polarized field generated by the
second monolithic nonplanar Nd:YAG ring laser (laser 2). Due to the birefringence of the
MgO:LiNbO3 crystal the TEM00’s of the OPO cavity for s- and p-polarization are not
degenerate. To ensure that both polarizations resonate simultaneously in the cavity we
shifted the frequency of the p-polarized field. We determined the frequency shift to be
about 1.4GHz. The frequency offset was controlled via a phase-locked loop (PLL) that
could be operated from nearly DC up to 2 GHz with a bandwidth of several kilohertz. The
error point of the PLL was fed back to the PZT of the second laser. Phase modulation
sidebands at a frequency of 153.8MHz were imprinted onto the p-polarized field, which
was then injected through the back surface of the OPO crystal. The transmitted part
was spatially separated from the s-polarized squeezed vacuum with a polarizing beam
splitter (PBS) and detected by the photodetector. A PDH locking technique was used to
generate an error signal which was fed back to the PZT of the OPO cavity.

Following our proposal described above we utilized a second coherent but frequency-
shifted control field for the phase control of the squeezed vacuum field, detuned by Ω
with respect to the main carrier frequency (ω0, laser 1) by an AOM [see Eq. (6.3) & ➀

in Figs. 6.1 and 6.2]. The frequency of the AOM was Ω/2π = 40 MHz. This frequency-
shifted s-polarized infrared QCF (440µW) was also injected into the OPO cavity through
the crystal’s back surface. It therefore had to be spatially overlapped with the p-polarized
locking beam using a 50/50 beam splitter. To eliminate technical noise below 1 kHz in
the homodyne spectra, the zero order of the AOM had to be blocked carefully. If only
small fractions of this non-frequency-shifted field leaked into the cavity, the squeezing
spectrum was spoiled by the large technical noise in the low-frequency regime.

Figure 6.4 shows that only 11.5% of the QCF was coupled into the cavity. This 11.5%
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Figure 6.5: Measured quantum noise spectra at sideband frequencies Ωs/2π: (a) shot noise and
(b) squeezed noise with 88µW local oscillator power. All traces are pieced together from five
fast Fourier transform frequency windows: 10–50 Hz, 50–200 Hz, 200–800 Hz, 800–3.2 kHz, and
3.2–10 kHz. Each point is the averaged rms value of 100, 100, 400, 400, and 800 measurements in
the respective ranges. The RBWs of the five windows were 250 mHz, 1 Hz, 2 Hz, 4 Hz, and 16 Hz,
respectively.

interacted with the pump field inside the cavity, its quadratures were parametrically
amplified and deamplified, and an additional sideband at −40 MHz [see Eq. (6.10)] was
generated. This outgoing QCF from the OPO then consisted of two sidebands, each
separated by 40 MHz from the carrier frequency ω (see ➁ in Figs. 6.1 and 6.2). The error
signal could be obtained by detecting the outgoing QCF from the OPO and demodulating
the photocurrent at 80 MHz as illustrated in the sideband scheme in Figs. 6.1 and 6.2.
By feeding back the error signal to a PZT-mounted mirror in the path of the second-
harmonic pump field, stable control of φ was realized [see Eq. (6.13)]. The error signal for
controlling the homodyne angle Φ [see Eq. (6.16)] was derived at the homodyne detector.
The difference of the two photodiode currents was demodulated with a frequency of
40 MHz. The output of this servo loop was fed back to a PZT-mounted mirror in the
local oscillator path.

The homodyne detector was built from a p-polarization-optimized 50/50 beam splitter
and two electronically and optically matched photodetectors based on Epitaxx ETX500
photodiodes. The angular orientation of the photodiodes was optimized to achieve the
maximum power to optimize the detection efficiency. We used two different pairs of
matched photodetectors: one was optimized for the low-frequency regime whereas the
other pair was optimized for high bandwidth. In all measured spectra shown here the
electronic noise of the detection system was subtracted from the measured data.

The low-frequency-optimized homodyne photodiode pair permits the measurement of
the low-frequency spectrum of the OPO (see Figure 6.5) in the detection bandwidth of
GW interferometers and above up to 100 kHz. For these low-frequency measurements
we used a nominal local oscillator power of 88µW. The resulting shot noise limit of the
homodyne detection system is shown as curve (a) in Figure 6.5, whereas the squeezed
quantum noise is shown in curve (b). During the measurement period of approximately

171



Chapter 6 Coherent control of broadband vacuum squeezing

-87

-84

-81

-78

-75

-72

-69

-66

-63

 0.1  5  10  15  20  25  30  35

N
oi

se
 P

ow
er

 [d
B

m
]

Frequency [MHz]

(a)

(b)

Figure 6.6: Measured quantum noise spectra: (a) shot noise and (b) squeezed noise with 8.9 mW
local oscillator power. The spikes at 15.5, 22, and 26 MHz are results from the dark noise correction
of modulation peaks due to other electronic fields.

1.5 h the complete experiment including the OPO with all its related control loops, was
controlled stably in all degrees of freedom. For the measurements in Figure 6.5 a para-
metric gain of 10 was used, which was obtained using 60 mW of the second-harmonic
pump field. The propagation losses of the squeezed vacuum were dominated by the Fara-
day rotator passthrough efficiency of only 95%. The mode matching efficiency between
the local oscillator and the squeezed field was measured to be 94.3%. Altogether this
allowed us to measure 4 dB squeezing over the complete detection band of ground-based
GW interferometers.

The OPO squeezing spectrum from 100 kHz to 35 MHz is shown in Figure 6.6. Curve
(a) shows the shot noise limit of the homodyne detector, while the squeezing spectrum is
shown in curve (b). Both traces take the dark noise into account. These measurements
were done with the high-bandwidth-optimized homodyne detector using a local oscillator
power of 8.9mW. The resulting shot noise showed a nonwhite behavior above 10 MHz.
This stemmed from small deviations in the transfer functions of the two homodyne pho-
todetectors used. One can see that up to 10 MHz we observed at least 4 dB of squeezing,
peaking around 5 MHz with up to 4.95 dB of squeezing (see Figure 6.7). At higher fre-
quencies the squeezing degraded to approximately 1 dB due to the linewidth of the OPO
cavity. Lowering the finesse of the OPO would open up the high-frequency regime for a
better squeezing performance, but higher pump powers would be needed to produce the
same amount of squeezing.

The two individual measurements show that we have produced 4 dB of squeezing over
more than six decades from 10 Hz up to 10 MHz.

6.5 Application to gravitational wave detectors

In [VCH+06a] a broadband squeezed vacuum field was applied to a simple Michelson
interferometer. A nonclassical signal-to-shot-noise improvement was observed using bal-
anced homodyne detection. However, real gravitational wave Michelson interferometers
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Figure 6.7: Time series of shot noise [curve (a)], squeezed noise with locked local oscillator phase
[curve (b)] and squeezed noise with scanned local oscillator phase [curve (c)] at Ωs/2π = 5 MHz
sideband frequency. A nonclassical noise suppression of about 5.0 ± 0.1 dB is demonstrated. The
dark noise has been subtracted.

are much more complex. Here we discuss two aspects that are important when coherently
controlled broadband squeezed vacuum fields are applied to signal-recycled gravitational
wave detectors with heterodyne readout.

In an application to a gravitational wave detector, the quadrature control field, here
shifted in frequency by Ω/2π = 40 MHz, will enter the interferometer from the dark port
together with the squeezed field [Cav81, SHSD04]. The best choice for the QCF frequency
is such that it is offresonant with respect to the signal-recycling cavity (SRC). In this case
the QCF is basically reflected from the SRC, which minimizes possible disturbances to
other interferometer control loops. A generally rather important interferometer control
field stabilizes the Michelson interferometer on a defined differential arm length to provide
the desired dark signal port condition. In GEO600 this control field operates at a sideband
frequency of 14.9MHz and is photoelectrically detected in the dark port. Obviously, the
QCF frequency Ω should also provide a sufficiently large offset from that frequency of
14.9MHz. Our choice of Ω/2π = 40 MHz is therefore rather practical in the case of
GEO600.

Another aspect is the compatibility of the squeezed vacuum field demonstrated here
and the heterodyne detection scheme that is currently used in all gravitational wave detec-
tors, namely GEO600 [AC04, HtL06], LIGO [AAD+92, AC04], TAMA 300 [AtTC01], and
VIRGO [AAA+04]. Gea-Banacloche and Leuchs [GBL87] have shown that an interfer-
ometer with heterodyne readout requires squeezing in the band of expected gravitational
wave signals (Ωs) and also squeezing around twice the heterodyne frequency (2ωm±Ωs).
This is because the noise at ωm±Ωs contains vacuum noise contributions from 2ωm±Ωs.
It was later shown that these results are still valid for detuned signal-recycled interfer-
ometers [CDR+98].

The realization that broadband squeezing up to 2ωm± Ωs is needed to gain the full
sensitivity enhancement from squeezing leads to the question as to where one should
inject the squeezed vacuum field. Figure 6.8 shows a schematic of GEO600. In normal
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Figure 6.8: Simplified schematic of the gravitational wave detector GEO600. The dashed arrows
represent the relevant vacuum fields entering and leaving the interferometer if optical loss inside
the interferometer can be neglected. Generally, the squeezed vacuum states need to be injected
into the interferometer in such a way that they constructively interfere in the dark signal output
port for all relevant frequencies.

operation the interferometer behaves like an almost perfect mirror for the carrier light
entering from the bright port and for vacuum fluctuations entering from the dark port.
Due to a small, but macroscopic, difference of the two arm lengths, which is needed for
the Schnupp modulation [Sch88], the reflectivity of this mirror is frequency dependent.
Thus, the amplitude reflectivity r(ω) changes at different sideband frequencies, relative
to the carrier frequency. The decision as to which interferometer port the squeezed states
will be injected into, is therefore dependent on the sideband frequency.

We can distinguish between three different cases. First, the interferometer has high
reflectivities in the two interesting frequency regions: r(Ωs) ≈ r(2ωm±Ωs) ≈ 1. If so, we
can inject the squeezed states at all frequencies from the dark port. These will then be
perfectly reflected and we obtain the full improvement from the squeezing.

The second case is that we have a high reflectivity at the signal frequency Ωs but high
transmission at frequency 2ωm± Ωs, r(Ωs) ≈ 1; r(2ωm± Ωs) ≈ 0. If we still injected
all the squeezed states from the dark port, we would lose the squeezing at 2ωm± Ωs,
which results in a less sensitive interferometer. To solve this problem one might split the
squeezed-light field in frequency space e.g. use a filter cavity. We then obtain a field that
carries the low-frequency squeezing around Ωs and a second field that is squeezed around
frequencies 2ωm±Ωs. The low-frequency squeezed field is injected through the dark port,
whereas the second one has to be injected through the bright port together with the
carrier field. This will then give the optimal performance increase one expects from using
squeezed light. Instead of using a filter cavity, one might employ two independent sources
of squeezed states with optimized nonclassical noise suppression in the audio and rf bands,
respectively. The third case is that the interferometer reflectivity is still high at the signal
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frequencies, r(Ωs) ≈ 1, but has an intermediate reflectivity, 0 < r(2ωm± Ωs) < 1, near
twice the modulation frequency. In this case the power fraction of r(2ωm±Ωs)

2 has to be
tapped off the high-frequency part of the squeezed field. This fraction has to be injected
into the interferometer’s bright port, whereas the remaining fraction is injected into the
dark port, together with 100% of the low-frequency part of the squeezed field. In this
way the squeezed field at high frequencies senses a Mach-Zehnder-type configuration and
constructively interferes in the interferometer’s (dark) signal port. Again the broadband
squeezed field is optimally employed for a nonclassical sensitivity improvement of a grav-
itational wave detector with heterodyne readout. We note that in all these three cases
one has to use frequency-dependent squeezed fields to compensate the phase shifts from
the reflection at a detuned cavity [HCC+03, CVH+05].

GEO600 currently uses a heterodyne frequency of 14.9MHz. The reflectivity of the in-
terferometer at this frequency is approximately 96% in power. Consider now a broadband
vacuum squeezed field of 6 dB nonclassical noise suppression from 10 Hz up to 30 MHz
injected into GEO600’s dark port. Neglecting optical losses inside the interferometer,
the squeezed states at gravitational wave signal frequencies are perfectly reflected. Those
at twice the heterodyne frequency sense 4% loss, and their nonclassical noise suppression
degrades from 6 to about 5.5 dB, which is still a useful value. Hence the injection of the
complete broadband vacuum squeezed field into the dark port seems to be a reasonable
approach in the case of GEO600.

6.6 Conclusion

We have reported on a control scheme for phase locking of squeezed vacuum fields, gener-
ated by optical parametric oscillation, to a local oscillator of a downstream experiment or
of a homodyne detector. Our scheme utilized two frequency-shifted control fields that al-
lowed us to control the length of the OPO cavity as well as the angle of the squeezed-field
quadrature. This control scheme allowed stable generation and observation of broadband
squeezed fields covering more than six decades from 10 Hz to about 35 MHz. We dis-
cussed the application of our control scheme and the broadband squeezed field generated
for GEO600, as an example for a large-scale gravitational wave detector. We found that
such a squeezed field injected into the signal dark port can improve GEO600’s sensitivity
beyond its shot noise limit, even if the current heterodyne readout is used.
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Chapter 7

The potential of a
squeezed-vacuum-enhanced GEO-HF

Currently the German-British collaboration GEO is running the GW detector GEO600,
which is close to reaching its design sensitivity (see Figure 7.1). In recent years GEO600
has operated together with the LIGO detectors [AAD+92] in an international network of
interferometers searching for gravitational waves. As soon as VIRGO [BFV+90] reaches
its design sensitivity it will join this international network. All three projects plan to
upgrade their GW detectors in the near future. The successor of GE0 600 is GEO-
HF [WAA+06], which is currently planned to go online in 2010. Due to the limited
infrastructure of GEO600 the upgrade is planned in small sequential steps, which will be
tested individually in prototypes first. Currently GEO600 can compete with the longer
interferometers of LIGO and VIRGO, because of signal-recycling [Mee88] (see Chapter 5).
This gives the GEO team the flexibility of tuning the peak sensitivity of the detector to
different frequencies.

Next generation detectors such as Advanced LIGO [Gia05, ADVa], Advanced VIRGO
[ADVb] and LCGT [KtLC06] have an enormous advantage compared to GEO600 in the
low frequency range due to their long interferometer arms. Thus, there exist no plans
for GEO600 to match one of the other next generation detectors broadband sensitivities.
The strategy of GEO-HF is to operate as a high-frequency detector in the kilohertz region
to look for sources such as normal modes in neutron stars [Kok04] or quasi-normal modes
in black holes. Hence, the upgrade will concentrate on lowering the limiting noise sources
at high frequencies, shot noise and thermal noise. The latter is also responsible for the fact
that GEO-HF cannot compete with other next generation detectors in the low frequency
range. Nevertheless, the future plans for GEO-HF foresee that it can work together with
the other detectors in a so-called network operation mode. Here, the signal recycling
is tuned to optimize the low frequency performance and reach sensitivities comparable
to LIGO and VIRGO. The network mode is important for GEO-HF to stay compatible
with the frequency range of the other international GW wave detectors. Therefore it is
a constraint that the low frequency performance is not deteriorated by the upgrade from
GEO600 to GEO-HF.
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Figure 7.1: Schematic of the optical layout of GEO600 and its quantum noise limited design
strain sensitivity. The two limiting thermal noises are displayed as reference. Note, that the
thermal noise will change if the main optics of the interferometer are exchanged.

7.1 The upgrade: From GEO to GEO-HF

The GEO-HF detector will be based on the current GEO600 infrastructure. In fact even
if one wants to increase the arm length, a river is prohibiting this. The optical scheme of
the GEO600 detector is presented in Figure 7.1. Since no major changes to the optical
layout are planned in the upgrade, this figure also corresponds to the GEO-HF layout.

GEO600 is a Michelson interferometer with an effective arm length of 1200m. The
arms are folded once to fit into the 600m long vacuum tubes. The weight of each end
mirror test mass is 5.6 kg. The laser source is a Nd:YAG laser with a wavelength of
1064nm and an output power of up to 12W. GEO600 is currently the only GW detector
that uses not only power recycling [DHK+83] but also signal recycling [Mee88]. The
basic idea of power recycling is to send the light back into the interferometer that would
normally propagate back to the laser. The regular working condition of the interferometer
is to establish a dark port at the unused beam splitter port. Hence, all the light entering
the interferometer leaves the interferometer via the same path. By placing the power-
recycling mirror between the laser and the interferometer all the light is sent back into the
interferometer and the circulating light power inside the interferometer increases. The
power reflectivity of GEO600’s power-recycling mirror is RPRM = 99.9, which results in
a power recycling factor of approximately 1000. The sensitivity in the shot noise limited
regime is therefore enhanced by a factor of 100, whereas the sensitivity is lower by a
factor of 100 in the radiation pressure dominated area. Details of the power scaling of
the quantum noise limited sensitivity of a Michelson interferometer based GW detector
are discussed earlier in Chapter 4 (Figure 4.2). Signal recycling uses a mirror in the dark
port to send the GW induced signal sidebands back into the interferometer. The repeated
interaction with the end mirror test masses enhances the signal sidebands. Normally the
signal-recycling cavity is slightly detuned from the carrier frequency to enhance the GW in
a certain frequency range. The enhancement of the signal leads to an increased sensitivity.
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Currently, the signal recycling detuning frequency of the GW detector GEO600 is chosen
to be 350 Hz, which can be changed easily by adjusting the microscopic position of the
signal-recycling mirror.

Lowering the noise in the high-frequency regime

As mentioned before the limiting noise sources in the high-frequency range are shot noise
and thermal noise. The thermal noise can be separated into different sources; the three
largest being coating thermal noise [CCF+04], substrate thermal noise [LT00], and ther-
morefractive noise [BV01]. The first two result in a displacement of the mirror surface,
whereas the thermorefractive noise causes fluctuations in the index of refraction and is
therefore important for transmissive optics, such as the beam splitter. Here, GEO-HF has
disadvantages compared to the other GW detectors, which use arm cavities to have large
energies stored in the arms and still low power in the main beam splitter. The substrate
thermal noise depends on the mechanical quality factor Q of the mirror substrates. New
results from experiments [APF+04] and calculations [PAB+05] show that the Q-factor of
the fused silica substrate used in GEO600 has a least factor of ten higher Q-factor than
assumed before. Hence, the substrate thermal noise is much smaller than the other two
thermal noises and is not included in the following analysis. The coating thermal noise is
the most dominant in the high-frequency range. It originates inside the alternating layers
of the coating due to the non-homogeneity of the layer material and the layer connec-
tions. Note, all three noise sources are only material dependent and do not change with
the power used inside the interferometer. The only way to change the coating thermal
and thermorefractive noise is to change the main optics of the interferometer. Recent
measurements [HABT+07] show that coating thermal noise can be improved by doping
the Ta2O5 with TiO2. A different approach is to change the layer thickness to reduce
the total amount of Ta2O5, which mainly causes the coating thermal noise. A change of
the main optics is not an easy task. All mirrors have to be suspended again and it would
take at least several months to implement the new substrates into the vacuum system.
Therefore it is currently planned not to change the main optics. Only if the development
of new coatings and materials has advanced much further and if the achievable result is
worth the amount of time and funds an exchange would be considered. However, the
benefits could also lead to an increase in the sensitivity in the low frequency range, while
the signal recycling parameters can be optimized to the network operation mode as well
as to the high-frequency mode.

The aim in GEO-HF is to lower the limiting shot noise contributions. There exist
three different methods that can be used to achieve this goal. All three methods will be
discussed in the following.

Increasing the circulating laser power

To begin with, one can increase the circulating light power inside the interferometer. It is
planned to add an amplifier in the current laser system, which can deliver of up to 200 W
[WDF+06].

The aim is to increase the circulating light power by a factor of 10 compared to the
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Figure 7.2: Strain sensitivities for different signal recycling factors (RSRM = 98.05%, RSRM =
99.05% and RSRM = 99.95% and two different signal recycling resonance frequencies [350 Hz (red
curves) and 1 kHz (blue curves)]. The limiting thermal noises are given by the green curves.

current GEO600 design, resulting in a decreased shot noise by a factor of
√

10. The total
power inside the interferometer is then 70 kW, which will be assumed in the simulation
presented in Section 7.2.

The higher circulating laser power results in a stronger thermal lens in the beam
splitter, which causes a mode mismatch of the beams in the two interferometer arms.
Hence, the dark-fringe contrast is deteriorated by an unacceptable amount. Currently,
GEO600 uses ring heaters [WAA+04] to compensate the thermal lens. In GEO-HF the
level of aberration is much higher and it is currently not clear if the ring heater can still
compensate the effects. A more sophisticated solution, based on a scanning CO2 laser,
has to be developed and tested in the prototypes before it can be installed into GEO-HF.

Changing the signal recycling parameters

The shot noise level and its characteristics can also be changed with the signal-recycling
cavity. On one hand a change of the signal recycling factor results in a changing band-
width of the signal recycling resonance. On the other hand the microscopic tuning of the
signal-recycling mirror position can be freely adjusted, which results in a change of the
signal-recycling cavity’s resonance frequency. Both behaviors are displayed in Figure 7.2.
Here, the quantum noise limited sensitivity of GEO-HF for two different signal recycling
resonance frequencies and three different signal recycling factors is shown.

An increase in the signal recycling factor results in an improved sensitivity in a small
frequency range, whereas a lower signal recycling factor can be used for a broadband
enhancement with reduced peak sensitivity. The signal recycling factor changes with the
reflectivity of the signal-recycling mirror. Hence, it cannot be changed while the detector
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is running. The vacuum system has to be opened to switch from one signal-recycling
mirror to a different one. Thus, a tradeoff is needed between the maximum sensitivity in
the high frequency range and a sensitivity in the network operation mode which closely
matches the LIGO or VIRGO curve. Figure 7.2 shows that an increase of the signal
recycling factor makes almost no sense in combination with a power increase. The current
signal-recycling mirror reflectivity R = 98.05% would already result in a clearly thermal
noise limited sensitivity in the network mode with a detuning frequency of 350 Hz. Even
for a detuning of 1 kHz the sensitivity gets very close to thermal noise with the current
signal recycling factor. A potential solution is to use an etalon as a signal-recycling mirror
thereby enabling easy adjustment of the signal recycling factor [Hil03]. A change in the
longitudinal length of the etalon, e.g. caused by thermal heating, would result in a change
of the effective reflectivity. Hence, an adjustment of the signal recycling factor could be
achieved quite easily. However, before the signal-recycling mirror would be exchanged by
an etalon, detailed tests would have to be performed in one of the prototypes first.

The microscopic tuning of the signal-recycling mirror can be used to shape the shot
noise limited sensitivity. In Figure 7.2 three different signal recycling factors are given for
two different signal recycling tunings, 350 Hz and 1kHz. Because the tuning is given by
the microscopic position of the signal-recycling mirror, this is easily changed during the
operation of the interferometer. The tuning can be changed continuously in a frequency
range from about 250 Hz up to several kilohertz, thereby allowing smooth changes of the
shot noise characteristics in the higher frequency range. As described later it can also be
quite useful to switch from detuned signal recycling to tuned signal recycling.

Squeezed-light enhancement

A completely different way to enhance the shot noise limited sensitivity of a GW detector
is to use squeezed vacuum (see Chapter 6) to replace the ordinary vacuum fluctuations
entering the interferometer through its dark port. A Faraday rotator has to be incorpo-
rated into the dark port of the interferometer for injection of the squeezed state. As seen
in Chapter 4, the reflection of initially frequency-independent squeezed vacuum at the
detuned signal-recycling cavity results in frequency-dependent squeezed light and the sen-
sitivity can only be enhanced in a small frequency range (see Figure 4.6). To compensate
the effects of the signal-recycling cavity, a filter cavity is needed (details in Chapter 5).
The initial frequency-dependent squeezed vacuum is first reflected at the filter cavity be-
fore it is injected into the signal-recycling cavity. The resulting sensitivity is improved by
the square root of the squeezing strength over the full shot noise limited range.

In the following section the potential improvements to GEO-HF’s sensitivity using
squeezed-vacuum injection are simulated and discussed.

7.2 Possible increase in GEO-HF’s sensitivity due to squeezed
vacuum

In this section simulations of GEO-HF’s sensitivity are presented and discussed. The
Matlab code is based on the input-output formalism and includes radiation pressure
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Figure 7.3: Schematic of the potential optical layouts of GEO-HF. The left-hand figure shows the
dual-recycled Michelson interferometer configuration with squeezed-vacuum injection. To gain a
broadband improvement in the shot noise limited regime a filter cavity has to be incorporated,
as well as the required Faraday rotator. The right-hand figure displays the optical layout of the
twin-signal recycling (TSR) configuration, which uses an additional cavity in the dark port instead
of the signal-recycling mirror.

noise. Details of the formalism can be found in [Har06]. The calculated sensitivities
only include radiation pressure noise and shot noise. All other noises are not included in
the model. Because GEO-HF will be used as a high-frequency GW detector, the optical
spring [HCC+03] is suppressed in the simulations by tuning the signal-recycling cavity
to the sideband, where the optical spring is damped instead of resonantly enhanced. In
all simulated sensitivities presented in this section the two dominating thermal noises—
coating thermal noise and thermorefractive noise—of the actual main optics are given as
references. They are not included in the calculation of the sensitivity since a reduction
in thermal noise is still possible by changing the main optics of the interferometer.

Additional optics are needed to enhance GEO-HF’s sensitivity by using squeezed vac-
uum. The Faraday rotator in the dark port for injection of the squeezed vacuum is the
first of such optics. Additionally, a filter cavity has to be implemented which cancels
the rotation of the squeezing ellipse due to reflection at the detuned signal-recycling cav-
ity. Recently, a new interferometer topology called twin-signal recycling (TSR) has been
suggested by Thüring [TSLD07]. TSR uses a linear cavity instead of a signal-recycling
mirror, thereby forming a three-mirror cavity [Thü04] together with the Michelson inter-
ferometer. Such a three-mirror cavity has a resonance doublet and the two resonances
are separated by the frequency νsplit. If this resonance doublet is chosen to be symmetri-
cally around the carrier frequency ν0 the TSR interferometer acts almost like a detuned
signal-recycled Michelson interferometer with a detuning frequency of νsplit/2. The differ-
ence with respect to the signal recycling configuration is the TSR configuration recycles
both GW induced signal sidebands, which results in a direct sensitivity improvement by
a factor of two. The other interesting feature of the TSR configuration is that it does
not need an additional filter cavity in combination with squeezed vacuum. Because of its
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double resonance feature the squeezed vacuum does not become frequency-dependent on
reflection. The drawback of the TSR configuration is implementation into the vacuum
system. If one analyzes the parameters of such a configuration, one realizes the length of
the additional cavity in the dark port is 1200 m. Details on the possible implementation of
the TSR configuration and of a filter cavity are discussed in Section 7.3. The schematics
of the optical layouts of a squeezed-vacuum-enhanced GEO-HF detector using detuned
signal recycling of TSR are displayed in Figure 7.3.

Currently, the upgrade to GEO-HF includes a power increase by a factor of ten and
a concentration on the high-frequency range. Additionally, presuming that a source for
generating the squeezed vacuum produces 10 dB of squeezing such that with a total loss of
17%, 6 dB will be detected by the photodetector, then an improvement of the shot noise
limited sensitivity by a factor of two would be possible (see Section 5.4.1). Starting with
these facts and not changing the current signal recycling factor, one obtains the sensitivity
given in Figure 7.4. This figure compares the two different modes of operation—the
network mode (upper graph) and the high-frequency mode (lower graph). The design
sensitivity of GEO600 is given by the black curve. For simulation of the network mode,
a detuning of the signal-recycling cavity of 350 Hz is chosen. The power increase by a
factor of ten results in the red curve. This sensitivity is already thermal noise limited
between 150–500 Hz. With additional 6 dB squeezing, one obtains the blue curve, which
is limited by the thermal noise between 25–800 Hz. For frequencies above 800 Hz its
sensitivity is a factor of two below the non-squeezed-vacuum-enhanced sensitivity. The
high-frequency mode is simulated by detuning the signal-recycling cavity to 1 kHz. The
non-squeezed-vacuum-enhanced sensitivity (red curve) reaches almost the thermal noise
at 1 kHz. The squeezed-vacuum-enhanced sensitivity (blue curve) has a peak sensitivity
of h̊ = 1.6 × 10−23 at 1 kHz, which is limited by the coating thermal noise around 1 kHz.
As a consequence such a design of the signal-recycling cavity is not favorable.

If the actual signal recycling reflectivity is reduced from RSRM = 98.05% to RSRM =
88% and the detuning frequency is increased to 1 kHz, one obtains the results presented
in Figure 7.5. The differences of the detuned signal recycling configuration between the
network mode and the high-frequency mode are most significant in the high-frequency
range. The changes in the mid-frequency range are quite small. To summarize, the
non-squeezed-vacuum-enhanced sensitivity is limited by thermal noise only in a small
frequency range, whereas the squeezed-vacuum-enhanced sensitivity is limited by thermal
noise below frequencies of 600-800 Hz and shows the expected improvement by a factor
of two in the higher frequency range.

Another feature, also visible in the sensitivity of this configuration, is the lack of
improvement by squeezed-vacuum injection in the radiation pressure dominated low-
frequency regime. Moreover, in the network mode, the sensitivity with the squeezed
vacuum in the radiation pressure dominated frequency range is worse than the normal
sensitivity. For an improvement in this frequency range a second filter cavity is needed to
compensate the radiation pressure effects [KLM+01]. Because the limiting noise source of
GEO-HF in this frequency range will be seismic noise, this behavior will not be analyzed
or discussed any further.

Figure 7.5 also comprises the results of the TSR configuration in the two possible
operation modes of the GW detector. Note, that this comparison is purely theoretical,
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Figure 7.4: Comparison of GEO-HF’s quantum noise limited strain sensitivities in the two dif-
ferent operation modes for a detuned signal recycling configuration with RSRM = 98.05%. As a
reference the actual GEO600 design sensitivity is given by the black curve. A power increase by
a factor of ten leads directly to the non-squeezed-vacuum-enhanced sensitivity (red curve) and
the 6 dB squeezed-vacuum-enhanced sensitivity (blue curve) of GEO-HF. As one can see even
the non-squeezed-vacuum-enhanced sensitivity in the network operation mode (upper graph) is
limited by thermal noise. The high-frequency operation mode uses a detuning of 1 kHz and the re-
sults are comprised in the lower graph. Here, the squeezed-vacuum-enhanced sensitivity is limited
by thermal noise near the resonance frequency.
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Figure 7.5: Comparison of GEO-HF’s quantum noise limited strain sensitivities in the two differ-
ent operation modes for a detuned signal recycling configuration with RSRM = 88% and for the
TSR configuration. As a reference the actual GEO600 design sensitivity is given by the black
curve. The network operation mode is displayed in the upper graph, which can be compared
directly to the high-frequency operation mode given by the lower graph. As one can see the TSR
configuration performs less well than the detuned signal recycling configuration in the network
operation mode if the limiting thermal noise is taken into account. But in the high-frequency
operation mode it performs better than the detuned signal recycling configuration below 3 kHz
but worse above.
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Figure 7.6: GEO-HF’s quantum noise limited strain sensitivities for a tuned signal recycling
configuration with RSRM = 80%. Such a configuration has a large bandwidth but still a very
good peak sensitivity. Because this configuration lacks the tuning feature, the displayed result
applies to the network operation mode as well as to the high-frequency operation mode.

because the required tuning feature to get from one detector mode into the other is missing
or at least complicated to achieve. To tune the resonance frequency the reflectivity of
the split-frequency mirror1 of the TSR cavity has to be changed. This can only be
achieved by changing the mirror, which is not practical or one has to use an etalon as a
split-frequency mirror. Using the etalon turns the initial three mirror cavity in principle
into a four mirror cavity. Nevertheless, it is worth investigating the performance of this
configuration in the two different operation modes. Comparing the two results of the
TSR configuration, one realizes that the network mode is worse than the high-frequency
mode. The improvements in the network mode around the resonance frequency are limited
completely by the thermal noise and even at all other frequencies the performance is worse
compared with the TSR sensitivity in the high-frequency operation mode. This is because
the TSR configuration has a cavity pole of second order, therefore the sensitivity above the
resonance frequency falls off much faster than the detuned signal recycling configuration.

Comparing the results of the TSR configuration with the ones of the detuned signal
recycling configuration, one sees that the TSR configuration can only compete in the
high-frequency operation mode. In the mid-frequency range its sensitivity is slightly
better than that of the detuned signal recycling configuration. Above 3 kHz the TSR
configuration performs worse because of the second order cavity pole.

It turns out that there is a third good configuration for GEO-HF: the tuned signal re-
cycling configuration. Compared to the detuned signal recycling configuration, the tuned
one has its resonance at the carrier frequency. The advantage of the tuned configuration

1The split-frequency mirror is the TSR cavity mirror, located more closely to the beam splitter of the
Michelson interferometer.
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is the recycling of both GW induced signal sidebands. This doubles the signal and leads
to an increase in sensitivity by a factor of two. Moreover, the tuned signal recycling
configuration does not need a filter cavity for the preparation of the injected squeezed
vacuum. Hence, a tuned signal recycling configuration is much easier to establish, no
additional optics or changes to the optical layout are needed. This simplicity makes it
very attractive as a potential configuration used in GEO-HF. However, the tuned con-
figuration lacks the tuning feature. It is not possible to switch between the two desired
operation modes. To reach a comparable sensitivity as the two prior discussed configu-
rations, the reflectivity of the signal-recycling mirror has to be reduced to RSRM = 80%.
The resulting sensitivity with and without squeezing is presented in Figure 7.6. One sees
the achievable sensitivity without squeezing is limited by thermal noise below 250 HZ,
whereas the squeezing-enhanced sensitivity is limited below 900 Hz. A direct comparison
between the tuned signal recycling, detuned dual recycling and the TSR configurations
is displayed in Figure 7.7. For a clear view only the squeezed-vacuum-enhanced sensitiv-
ities are shown. The tuned configuration is as good as the detuned case in the network
mode and even better in the high-frequency mode. This is a remarkable result, although
the detuned case allows an optimization to a specific frequency it cannot beat the tuned
signal recycling configuration. Comparing the TSR configuration with the tuned signal
recycling configuration, one sees that the peak sensitivity of the TSR configuration in
the network mode is better but the peak sensitivity is still largely limited by the thermal
noise. The bandwidth of the tuned signal recycling configuration is much broader, which
gives it a big advantage. In the high-frequency operation mode the differences are small.
The TSR configuration performs a little bit better between 1 kHz and 3 kHz, but slightly
worse for larger frequencies.

In summary, all three possible configurations show almost identical results. Every
configuration has its own advantages and disadvantages. Before concluding which config-
uration would be the best to use in GEO-HF, a detailed analysis of the implementation
of the additional required optics and its parameters is presented in the next section.

7.3 Parameters and implementation of the required additional

optics

The main challenge for the detuned signal recycling configuration will be the implementa-
tion of the required filter cavity into the current vacuum system. The same applies to the
1200 m long linear cavity needed for the TSR configuration. Hence, the parameters of the
cavities and their implementation into the existing infrastructure will be discussed in this
section. A schematic of the optical layout and the vacuum system is given in Figure 7.8.
The laser system consists of a master and an injection-locked slave system delivering up
to 12 W at a wavelength of 1064 nm. This laser beam is stabilized and its TEM00 mode
filtered by two suspended modecleaner ring cavities, housed in the vacuum system di-
rectly in front of the dual recycled Michelson interferometer. The power-recycling mirror
and the signal-recycling mirror are placed very close to the interferometer’s beam splitter.
The distance is measured to be about 1.1m. The interferometer arms are folded in the
vertical plane. The folding mirrors (MFN and MFE) are placed in a 600 m distant vac-
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Figure 7.7: Comparison of GEO-HF’s quantum noise limited strain sensitivities in the two differ-
ent operation modes for a detuned signal recycling configuration with RSRM = 88%, for the TSR
configuration and for the tuned signal recycling configuration with RSRM = 80%. As a reference
the current GEO600 design sensitivity is given by the black curve. The network operation mode
is displayed in the upper graph, which can be compared directly to the high-frequency operation
mode given by the lower graph. One sees that the tuned signal recycling configuration competes
with the other two configurations.
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Figure 7.8: Schematic of the optical layout and the corresponding vacuum system of the current
GEO600 gravitational wave detector. The laser system is composed of a master and an injection-
locked slave system that can deliver of up to 12 W at a wavelength of 1064 nm. Two suspended
modecleaners in the vacuum system are used to stabilize the beam and supply a pure TEM00

mode for the dual recycled Michelson interferometer. The folding mirrors (MFN and MFE) are
separated from the beam splitter by 600 m. These folding mirrors send the light back through the
arm to the central mirrors (MCN and MCE). From here the light is reflected back to the folding
mirrors and then to the beam splitter. Folding of the arms results in an effective arm length of
1200 m.
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Figure 7.9: Schematic of the optical layout and the vacuum system for implementation of a short
(left) or a long filter cavity (right) into the current infrastructure. To easily distinguish between
the squeezed vacuum and the interferometer beams their colors are different.

uum tank and from here the laser beam is guided to the central end mirrors (MCN and
MCE). The beam is reflected upon itself and propagates back to the folding mirror and
hence to the beam splitter. The detection of a GW signal is made with photodetector
placed in the south arm behind the signal-recycling mirror outside the vacuum system.

7.3.1 A short filter cavity

The first configuration to be analyzed is the use of a short filter cavity in combination
with a detuned signal recycling Michelson interferometer. In the following, a reflectivity
of the signal-recycling mirror of RSRM = 88% is assumed as it is used in the simulation
presented in Figure 7.5. The important parameters of the signal-recycling cavity are:
length L = 1200 m, finesse F ≈ 49, free-spectral range FSR ≈ 125 kHz and linewidth
∆ν = 2.56 kHz. To compensate the rotation of the squeezing ellipse, the filter cavity
needs to match the linewidth under all circumstances. A short ring-shaped filter cavity
with an optical length of 8 m can easily be incorporated into the current infrastructure
of the detector (see Figure 7.9). Additionally, a Faraday rotator is needed to inject the
squeezed vacuum into the interferometer. To match the linewidth of the signal-recycling
cavity, the short filter cavity needs an input coupling mirror with a transmissivity of
Tcoupler = 310 ppm and a loss of 10 ppm. The other two mirrors of the ring-shaped filter
cavity have to have a transmissivity of 50 ppm and a loss of 5 ppm. These specifications
are high and very close to the limit currently achievable with the best optics and coatings.
The finesse of this 8 m long suspended cavity is F ≈ 14600. Hence, the lock acquisition
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would be hard to achieve. It seems an 8 m long filter cavity is not the optimal solution
in terms of optics quality and lock acquisition.

7.3.2 A long filter cavity

A different option is to integrate a ring-shaped filter cavity into the northern interferom-
eter arm (Figure 7.9). The squeezed vacuum has to be injected into the vacuum tank
housing the northern central mirror (MCN) and the two mirrors of the filter cavity. The
northern folding mirror (MFN) can be used as well as the third mirror for the filter cavity.
This would simplify the integration of the new optics. The squeezed vacuum is reflected
at the filter cavity and guided south through the vacuum system to the Faraday rota-
tor, which injects the squeezed vacuum into the interferometer. On its way south the
most problematic areas are the beam splitter tank and a gate valve used for sealing the
signal-recycling mirror from the rest of the vacuum system.

The long round-trip length of 1200 m allows the use of more moderate optics param-
eters, assuming the results presented in Figure 7.5. The input coupling mirror of the
filter cavity has a reflectivity of Rcoupler = 93.8% and a total loss of 0.1%. The other
two mirrors of the ring-shaped filter cavity have a transmissivity of 150 ppm and a loss of
10 ppm. These specifications are the same as for the current folding mirrors. The finesse
of the 1200 m long filter cavity is F ≈ 98, which is only about a third of the actual signal
recycling finesse used in GEO600. Hence, the lock acquisition and control of this filter
cavity should be much easier. The biggest concerns about the long filter cavity are the
installation of the mirrors and guiding the squeezed vacuum through the vacuum systems.
However, if one wants to use a detuned signal recycling configuration in combination with
squeezed-vacuum injection, the 1200 m long filter cavity is stringently required.

7.3.3 Twin-signal-recycling cavity

A further alternative is to change the optical layout of GEO-HF from a detuned signal
recycling Michelson interferometer to a TSR Michelson interferometer. As suggested in
[TSLD07], an additional 1200 m long linear cavity in the dark port of the interferometer
would replace the signal-recycling mirror. The two cavity mirrors are the split-frequency
mirror (MSPLIT) and the twin-signal-recycling mirror (MTSR). A potential layout of
the implementation of the TSR cavity into the existing vacuum system is presented in
Figure 7.10. Note that the former signal-recycling mirror is replaced by the MSPLIT. The
light leaving the interferometer is then guided to the northern folding mirror, which sends
the light to the MTSR housed near the MCE. From here the light propagates southwards
to the photodetector. On its way, the light passes a Faraday rotator needed for injection
of the squeezed vacuum. The integration of this 1200 m long linear TSR cavity is hard
to establish due to the complex and long beam path through almost the entire vacuum
system.

The optic parameters are moderate. If one assumes the results presented in Figure 7.5,
the reflectivity of MTSR is RMTSR = 80% with a loss of 0.1%. As mentioned earlier the
reflectivity of MSPLIT determines the split frequency and thereby the detuning frequency.
Hence, the reflectivity changes with the desired operation mode of the GW detector.
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Figure 7.10: Schematic of the optical layout and the vacuum system for integration of a TSR
configuration into the current infrastructure
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The network operation mode with a detuning of 350 Hz needs a MSPLIT reflectivity
of RMSPLIT = 99.88% and the high-frequency operation mode demands a reflectivity
of RMSPLIT = 98.99%. The deviation of the reflectivities of the MSPLIT for the two
operation modes is small and a tiny abberation from the desired reflectivity of the mirror
would cause a change in the detuning frequency. The lacking feature of an easy change
of the resonance frequency during the operation of the interferometer is the obstacle of
the TSR configuration.

7.4 Conclusion

The three possible optical configurations have their own advantages and disadvantages.
The TSR configuration in the high-frequency operation mode shows the best sen-

sitivity in the mid frequency range, which is mostly covered by thermal noise. At high
frequencies its sensitivity decreases much faster than the other configurations (Figure 7.7).
The implementation into the existing infrastructure is comparably complex to a 1200 m
long filter cavity, but the biggest problem is the lack of the ability to change the detuning
frequency easily.

The detuned signal recycling configuration is only practicable with the 1200 m long
filter cavity. The integration of the filter cavity into the setup is a challenging task, but
can be achieved. The sensitivity is comparable to the other configurations and the tuning
feature allows an easy change of the resonance frequency even to higher frequencies than
1 kHz.

The easiest configuration in terms of implementation into the current infrastructure is
the tuned signal recycling configuration. The only additional optic required is the Faraday
isolator. No filter cavity is needed to achieve a broadband improvement in the shot noise
limited frequency range by squeezed-light injection. To achieve a high bandwidth of the
signal-recycling cavity the signal-recycling mirror has to be exchanged, which has to be
done in the other two configurations as well. The performance of this configuration in the
high-frequency operation mode is almost the same as for detuned signal recycling. In the
network operation mode it offers the best sensitivity taking thermal noise into account.

In conclusion, the tuned signal recycling configuration seems to be the best choice.
Only if the tuning feature is needed, one should aim for the detuned signal recycling
configuration. The TSR configuration could be better than the detuned Michelson inter-
ferometer configuration if and only if the split-frequency mirror is exchanged with another
linear cavity. This would change the TSR from a three mirror cavity to four mirror cavity,
which would allow a tuning of the resonance frequency. It seems that more prototype
testing is required until a final decision for the optical configuration of GEO-HF can be
made.
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Appendix A

Matlab scripts

A.1 The reconstruction of the Wigner function from the

measured data

Before the reconstruction of the Wigner function can be obtained the measured data has
to be stored with the DAQ system. Note that the file format of the stored data looks like
the following:

%START

# in bin 1, angle=180◦*1/Nangle

# in bin 2, angle=180◦*1/Nangle

.

. until total numbers of bins = Nbin reached

.

# in bin=Nbin, for angle=180◦*1/Nangle

# in bin 1, for angle=180◦*2/Nangle

# in bin 2, for angle=180◦*2/Nangle

.

. until total numbers of bins = Nbin reached

.

# in bin=Nbin, for angle=180◦*2/Nangle

.

. until total step number Nangle for the angles is reached

.

# in bin=Nbin, for the angle=180◦*Nangle/Nangle

%END

This file format was chosen by B. Hage, who was responsible for the development of the
DAQ system.

The Matlab code for the reconstruction of the Wigner function from these measured
data file is given by:

name=importdata(’VaK15M.txt’);

% import the measured histograms of the vacuum state

%name=importdata(’L14M1.txt’);
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% import measured histograms of the squeezed state;

Nangle=102; % number of measured histograms between 0-180◦ + 2

Nbin=100; % number of bins

Spalte=1; % column of interest

for k=1:Nangle for l=1:Nbin pname(l,k)=name(l+Nbin*(k-1),Spalte);

end; end;

% store data from file into the matrix pname

wname=iradon(pname,180/Nangle,0.9); %inverse radon transformation of pname

sigm=(4.669+4.785)/2; % standard deviation of the vacuum state,

%this is derived by

%typing in the console:

%fit((1:length(wname))’,(wname(length(wname)/2,:)’),’gauss1’)

%-> c is vacuums-sigma in one quadrature oder

%fit((1:length(wname))’,(wname(:,length(wname)/2)),’gauss1’)

%-> c is vacuums-sigma a quadrature 90◦ to the first one

eins=2*sqrt(log(2))*(sigm); % normalization factor

%% START normalization to satisfy that the integrated wigner function = 1

% summe=sum(sum(wname));

% dingel=dingel*eins*eins/summe;

%% END normalization to satisfy that the integrated wigner function = 1

%%% START normalization to a min value of 0 and a max value of 1

% This is useful to compare different plots against each other

tmp=wname-(min(min(wname))); mywigner=tmp/(max(max(tmp)));

null=length(mywigner)/2; %axis scaling factor

%%% END normalization

%%% Start ploting a surface plot

scrsz = get(0,’ScreenSize’); % get screen size

figure(’Position’,[10 40 scrsz(3)/1.3 scrsz(4)/1.2])

% set plot window size

surface(mywigner’,’FaceColor’,’interp’,’LineStyle’,’none’);

set(gcf,’Renderer’,’painters’); grid on view(0,90)

XLim([null-2*eins null+2*eins]) YLim([null-2*eins null+2*eins])

axis square; colorbar set(gca,’XTick’,[null-5*eins null-4*eins

null-3*eins null-2*eins null-eins null null+eins null+2*eins

null+3*eins null+4*eins null+5*eins]);

set(gca,’XTickLabel’,{’-5’,’-4’,’-3’,’-2’,’-1’,’0’,’1’,’2’,’3’,’4’,’5’});

set(gca,’YTick’,[null-5*eins null-4*eins null-3*eins null-2*eins

null-eins null null+eins null+2*eins null+3*eins null+4*eins

null+5*eins]);

set(gca,’YTickLabel’,{’-5’,’-4’,’-3’,’-2’,’-1’,’0’,’1’,’2’,’3’,’4’,’5’});
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A.2 Calculation of GEO-HF’s quantum noise limited sensitivity

In this section the basic Matlab code is presented to calculate the quantum noise limited
sensitivity of GEO-HF with and without squeezed input. This code is based on the input-
output formalism and includes radiation pressure effects etails can be found in [Har02].
The code was developed by J. Harms and has been slightly modified to fit the needs of
this simulation.

clear;

%physical constants

c=299792458; hbar=1.054e-34;

%Calculation of SQZ-Input at GEO-MultiCav parameters

m=5.6; % mirror mass

Lsr1=1200; % length of the arms

Pin=70; % input power

Parm=500*Pin; % power in arms due to PRC

o=1.77e15; % angular laser frequency

rend=1; % end mirror reflectivity

rsr1=sqrt(0.8805); % signal recycling mirror reflectivity

tend=sqrt(1-rend^2); % end mirror transmissivity

tsr1=sqrt(1-rsr1^2); % signal recycling transmissivity

phisr1=-(2*pi*1000*Lsr1/c); % detuning phase for 350 Hz

% Frequency range of interest from 10^fmin to 10^fmax

fmin=0; fmax=4;

steps=2000; % number of freqeuncy bins

% Variable initilization

Ein=[1 0; 0 1]; % Unity matrix

data=[]; thermal=[];

for f=logspace(fmin,fmax,2000) % begin of calculation

ctn=0.75e-21./f^0.5; % coating thermal noise

trtn=0.75e-20./f; % thermorefractive noise

thermal=[thermal; [ctn trtn]];

h=sqrt(20*hbar/m/Lsr1^2/(2*pi*f)^2); %S QL für GEO600

K=4*Parm*o/(m/5)/c^2/(2*pi*f)^2; % optomechanical coupling

KM=[1 0;-K 1]; % coupling matrix

Psr1=[cos(phisr1) -sin(phisr1); sin(phisr1)

cos(phisr1)]*exp(i*2*pi*f*Lsr1/c); % Propagation matrix

r=0.690775527898; % squeezing value for 6dB squeezing

sphi=pi/10*9.5; % squeezing angle

SQ=[cosh(r)+sinh(r)*cos(2*sphi), sinh(r)*sin(2*sphi);

sinh(r)*sin(2*sphi) cosh(r)-sinh(r)*cos(2*sphi)];

%Squeezing matrix
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% enhancement in Cav-Sr1

Insr1=tsr1*inv(Ein-rsr1*rend*Psr1*KM*Psr1);

RHOsr1=(rsr1*Ein-rend*Psr1*KM*Psr1)*inv(Ein-rsr1*rend*Psr1*KM*Psr1);

% Rotation of noise transfer in quadrature: multiply RHOsr1 with (0,1)

% and take arctan(y/x)

Rotrefp=RHOsr1*[0;1];

Rotrefanglep=atan((Rotrefp(2))/(Rotrefp(1)))/pi*180;

Rotsig=Insr1*[0;1];

Rotsigangle=atan((Rotsig(2))/((Rotsig(1))))/pi*180;

% optimum squeezing angle

T11=RHOsr1(1,1); T12=RHOsr1(1,2); T21=RHOsr1(2,1);

T22=RHOsr1(2,2);

% determining the noise quadrature rotation w/o optimal Squeezing

RHOwos=(rsr1*Ein-rend*Psr1*Psr1)*inv(Ein-rsr1*rend*Psr1*Psr1);

RHOnoise=RHOwos*[1;0]; ANGwos=atan((RHOnoise(2))/(RHOnoise(1)));

% RHO für squezzing

RHOsqz=RHOsr1*SQ;

% signal transfer through the interferometer

sig=sqrt(1)*Insr1*Psr1*rend*KM*[0;1]*sqrt(2*K)/h;

% determining the optimal homodyne detection angle (see Harms PRD 68

Tsym=RHOsr1*transpose(conj(RHOsr1));

Ssym=1/2*(sig*transpose(conj(sig))+conj(sig)*transpose(sig));

Q11=Ssym(1,1)*(Tsym(1,2)+Tsym(2,1))-Tsym(1,1)*(Ssym(1,2)+Ssym(2,1));

Q12=Ssym(1,1)*Tsym(2,2)-Tsym(1,1)*Ssym(2,2);

Q22=Tsym(2,2)*(Ssym(1,2)+Ssym(2,1))-Ssym(2,2)*(Tsym(1,2)+Tsym(2,1));

Q=[Q11 Q12; Q12 Q22]; zetaopt=-acot(1/Q11*(sqrt(-det(Q))+Q12));

% Phase quadrature without squeezing

zeta=pi/2.; % homodyne angle

noiseoutphs=[cos(zeta)

sin(zeta)]*1/2*(RHOsr1*transpose(conj(RHOsr1))+conj(RHOsr1)

*(transpose(RHOsr1)))*[cos(zeta);sin(zeta)];

sigoutphs=[cos(zeta)

sin(zeta)]*1/2*(sig*transpose(conj(sig))+conj(sig)*transpose(sig))

*[cos(zeta);sin(zeta)];

NtoSphs=sqrt(noiseoutphs/sigoutphs);

lambdaoptphs=atan(-(T11*cos(zeta)+T21*sin(zeta))/(T12*cos(zeta)

+T22*sin(zeta)));
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% Amplitude quadrature without squeezing

zeta=0.; noiseoutamp=[cos(zeta)

sin(zeta)]*1/2*(RHOsr1*transpose(conj(RHOsr1))+conj(RHOsr1)

*(transpose(RHOsr1)))*[cos(zeta);sin(zeta)];

sigoutamp=[cos(zeta)

sin(zeta)]*1/2*(sig*transpose(conj(sig))+conj(sig)*transpose(sig))

*[cos(zeta);sin(zeta)];

NtoSamp=sqrt(noiseoutamp/sigoutamp);

lambdaoptamp=atan(-(T11*cos(zeta)+T21*sin(zeta))/(T12*cos(zeta)

+T22*sin(zeta)));

% variational readout without squeezing

zeta=zetaopt; noiseoutvar=[cos(zeta)

sin(zeta)]*1/2*(RHOsr1*transpose(conj(RHOsr1))+conj(RHOsr1)

*(transpose(RHOsr1)))*[cos(zeta);sin(zeta)];

sigoutvar=[cos(zeta)

sin(zeta)]*1/2*(sig*transpose(conj(sig))+conj(sig)*transpose(sig))

*[cos(zeta);sin(zeta)];

NtoSvar=sqrt(noiseoutvar/sigoutvar);

lambdaoptvar=atan(-(T11*cos(zeta)+T21*sin(zeta))/(T12*cos(zeta)

+T22*sin(zeta)));

%%%%%%%%%%%%%%% SQUEEZED INPUT %%%%%%%%%%%%%%%%%

% Squeezing matrix

r=0.690775527898; % squeezing value for 6dB squeezing

sphi=pi/2*1*0.7; % squeezing angle

SQ=[cosh(r)+sinh(r)*cos(2*sphi), sinh(r)*sin(2*sphi);

sinh(r)*sin(2*sphi) cosh(r)-sinh(r)*cos(2*sphi)];

RHOsqz=RHOsr1*SQ;

% Phase quadrature with squeezing

zeta=pi/2.; noiseoutsqzphs=[cos(zeta)

sin(zeta)]*1/2*(RHOsqz*transpose(conj(RHOsqz))+conj(RHOsqz)

*(transpose(RHOsqz)))*[cos(zeta);sin(zeta)];

sigoutsqzphs=[cos(zeta)

sin(zeta)]*1/2*(sig*transpose(conj(sig))+conj(sig)*transpose(sig))

*[cos(zeta);sin(zeta)];

NtoSphssqz=sqrt(noiseoutsqzphs/sigoutsqzphs);

% Amplitude quadrature with squeezing

zeta=0.; noiseoutsqzamp=[cos(zeta)

sin(zeta)]*1/2*(RHOsqz*transpose(conj(RHOsqz))+conj(RHOsqz)

*(transpose(RHOsqz)))*[cos(zeta);sin(zeta)];

sigoutsqzamp=[cos(zeta)

199



Appendix A Matlab scripts

sin(zeta)]*1/2*(sig*transpose(conj(sig))+conj(sig)*transpose(sig))

*[cos(zeta);sin(zeta)];

NtoSampsqz=sqrt(noiseoutsqzamp/sigoutsqzamp);

% squeezed variational with squeezing

zeta=zetaopt; sphi=lambdaoptvar; SQ=[cosh(r)+sinh(r)*cos(2*sphi),

sinh(r)*sin(2*sphi); sinh(r)*sin(2*sphi)

cosh(r)-sinh(r)*cos(2*sphi)]; RHOsqz=RHOsr1*SQ;

noiseoutsqzvar=[cos(zeta)

sin(zeta)]*1/2*(RHOsqz*transpose(conj(RHOsqz))+conj(RHOsqz)

*(transpose(RHOsqz)))*[cos(zeta);sin(zeta)];

sigoutsqzvar=[cos(zeta)

sin(zeta)]*1/2*(sig*transpose(conj(sig))+conj(sig)*transpose(sig))

*[cos(zeta);sin(zeta)];

NtoSsqzvar=sqrt(noiseoutsqzvar/sigoutsqzvar);

% fully frequency-dependent sqz for amplitude quadrature

r=0.690775527898; % squeezing value for 6dB squeezing

sphi=lambdaoptamp; SQ=[cosh(r)+sinh(r)*cos(2*sphi),

sinh(r)*sin(2*sphi); sinh(r)*sin(2*sphi)

cosh(r)-sinh(r)*cos(2*sphi)]; RHOsqz=RHOsr1*SQ; zeta=0.;

noiseoutsqzamp=[cos(zeta)

sin(zeta)]*1/2*(RHOsqz*transpose(conj(RHOsqz))+conj(RHOsqz)

*(transpose(RHOsqz)))*[cos(zeta);sin(zeta)];

sigoutsqzamp=[cos(zeta)

sin(zeta)]*1/2*(sig*transpose(conj(sig))+conj(sig)*transpose(sig))

*[cos(zeta);sin(zeta)];

NtoSampsqzfd=sqrt(noiseoutsqzamp/sigoutsqzamp);

% just one filter cavity for phase quad with squeezing

r=0.690775527898; % squeezing value for 6dB squeezing

lambdaoptphs=-ANGwos; sphi=lambdaoptphs;

SQ=[cosh(r)+sinh(r)*cos(2*sphi), sinh(r)*sin(2*sphi);

sinh(r)*sin(2*sphi) cosh(r)-sinh(r)*cos(2*sphi)];

RHOsqz=RHOsr1*SQ; zeta=pi/2.; noiseoutphs1filt=[cos(zeta)

sin(zeta)]*1/2*(RHOsqz*transpose(conj(RHOsqz))+conj(RHOsqz)

*(transpose(RHOsqz)))*[cos(zeta);sin(zeta)];

sigoutphs1filt=[cos(zeta)

sin(zeta)]*1/2*(sig*transpose(conj(sig))+conj(sig)*transpose(sig))

*[cos(zeta);sin(zeta)];

NtoSphs1filt=sqrt(noiseoutphs1filt/sigoutphs1filt);

data=[data; [NtoSphs NtoSphssqz NtoSphs1filt]]; end;

%%%%%%%%%%%% plotting the results %%%%%%%%%%
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scrsz = get(0,’ScreenSize’);

%%%% 4:3 resolution with FS 20 and width 0.75

figure(’Position’,[10 40 scrsz(3)/1.3 scrsz(4)/1.2])

%%%% 16:9 resolution with FS 16 and width 0.9

%figure(’Position’,[10 40 scrsz(3)/1.3 scrsz(4)/1.5]) % 16:9 Auflösung

set(gcf,’DefaultLineLineWidth’,0.15);

set(gcf,’DefaultAxesLineWidth’,0.75);

set(0,’DefaultAxesFontSize’,20); x=logspace(fmin,fmax,2000);

loglog (x,data(:,1),’r’,’LineWidth’,3); % GEO-HF without squeezing

hold on;

loglog (x,data(:,3),’b’,’LineWidth’,3); % GEO-HF with 6dB squeezing

loglog (x,thermal(:,1),’g’,’Linewidth’,3); % coating silica thermal noise

loglog (x,thermal(:,2),’g--’,’Linewidth’,3); % thermorefractive noise

legend(’ GEO600 Design, 7kW’, ’ full coating thermal noise, silica’,

’ thermorefractive noise’,’Location’,’North’) % Legend Figure 1

axis([10 10000 5.*10^(-24) 1.3*10^(-19)]); xlabel(’Frequency

[Hz]’); ylabel(’Linear noise spectral density [1/\surdHz]’); grid

on;
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Control loop basics and optimizations

This chapter presents how a servo is optimized for controlling a physical system to its
nominal operating point. Diverse scripts and programs are described in the following
which are used to during the optimization procedure. In the second section an easy way
on measuring the open-loop transfer function of the control loop is presented.

B.1 Optimizing a servo controller

The aim in building a servo controlled loop is to stabilize a physical system to a specific
state. To achieve the best results the used servo has to be matched to the physical system.
In this section the optimization procedure is described in detail.

Imagine a cavity which length has to be stabilized to match its resonance frequency
to the laser frequency. Normally a PZT-mounted mirror is used to change the cavity
length by an electrical signal. Due to the fact that the PZT and the mirror mount have
specific resonances which depend on their physical properties, an individual servo has to
be designed to achieve the best performance. This normally means a servo with high
unity gain frequency as well as a large low-frequency gain, while the resonance of the
PZT and the mirror mount must not be exited.

The optimization process starts with the measurement of the transfer function of the
physical system. A schematic of this measurement process is shown in Figure B.1. The
idea behind a transfer function is to measure the reaction of the system to an injected
disturbance. Thus, while the cavity is locked and the system is in its nominal operating
point, a signal S is injected into the the loop by a summing amplifier behind the servo.
This signal propagates through the loop and is measured at point M in front of the servo.
To eliminate the effects of the servo used in the loop, a reference signal R containing the
injected signal and the normal control signal, which holds the cavity length on resonance,
is also measured. By measuring M/R the transfer function of the system composed of
the HV-amplifier, the PZT-mounted mirror and the photodiode can be revealed. An
example of such a measurement is displayed in Figure B.2. This transfer function shows
a large PZT resonance around 60 kHz. On the other hand the servo has to be designed in
such a way that the resonance is suppressed below unity gain with a low-pass filter. On
the other hand, the gain at low frequencies has to be enlarged with electronic integrator
circuits. The boundary condition of the open loop gain at the unity gain frequency is
the phase margin. A rule of thumb is to have at least 35◦ of phase margin at the unity
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PD

SR

Cavity

M

Figure B.1: Schematic of measuring a transfer function of a PZT actuated cavity. A signal S
is added to the output of the servo. This signal S disturbs the locked cavity, which results in
a amplitude change of the transmitted light field sensed by the photodiode. This disturbance
is then measured at the point M . A network analyzer is normally used to inject signals over a
predefined frequency range. To distinguish between the injected signal S and the normal servo
signal that is needed to hold the cavity on resonance, a reference measurement is performed at
point R, so that the network analyzer performs a normalized measurement by calculating M/R.
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Figure B.2: Measured transfer function of the OPA cavity. The measurement was achieved with
the technique described in Figure B.1. A large PZT resonance is visible around 60 kHz, which has
to be suppressed by the servo.
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gain frequency to build a stable control loop. It is worth noting that, at frequencies
where the gain is higher than unity the phase lag can be substantially higher than 180◦

without leading to a system instability. Details on control theory and stability criterions
can be found in [AC00]. A good way of finding reasonable values for the low-pass and
integrator corner frequency is using gnuplot and multiply the low-pass and integrator
transfer functions directly to the measured OPA cavity transfer function. This is done
e.g. by the following gnuplot file.

reset

set term windows

set data style lines

set function style lines

set angles degrees

set logscale x

set xlabel ’Frequenz [Hz]’

set xtics 1,10,1e6

set mxtics 10

set ytics nomirror

set style line 1 lt 1 lw 2 pt 3 ps 0.5 linecolor rgb "blue"

set style line 2 lt 2 lw 2 pt 3 ps 0.5 linecolor rgb "blue"

set style line 3 lt 1 lw 2 pt 3 ps 0.5 linecolor rgb "red"

set style line 4 lt 2 lw 2 pt 3 ps 0.5 linecolor rgb "red"

set grid xtics y2tics layerdefault back lw 1

set grid xtics ytics layerdefault back lw 1

i=sqrt(-1)

set format x "10^%L"

pole1(x,f)=1/(1+{0,1}*x/f) # simple pole

zero1(x,f)=(1+{0,1}*x/f) # simple zero

pole2(x,f,q)=1/(1+{0,1}*x/(f*q)-x**2/f**2) # pole with Q

zero2(x,f,q)=(1+{0,1}*x/(f*q)-x**2/f**2) # zero with Q

servo(x)=pole1(x,1)*zero1(x,20000)*pole1(x,1)*zero1(x,2000)

*pole2(x,25e3,0.7674)

# combined Servo transfer function including

# low-pass filter at 25kHz

mag(x)=20*log10(abs(servo(x)))+150

phase(x)=arg(servo(x))

set xrange[100:1000000]

set key

set size 1,1

set origin 0,0

set multiplot

set size 1,0.5

set origin 0,0.5
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set ylabel ’Magnitude [dB]’

set yrange[-60:60]

set ytics 20

plot ’newopa.txt’ usi($1):($2+mag($1)) ls 1 title "open

loop transfer function",\

(mag(x)) ls 3 title "servo transfer function"

set size 1,0.5

set origin 0,0

set ylabel ’Phase [{/Symbol \260}]’

set yrange[-430:150]

set ytics 90

plot ’newopa.txt’ usi ($1):(int($3+phase($1)-180)%360) ls 2

title "open-loop transfer function",\

int(phase(x))%360 ls 4 title "servo transfer function"

unset multiplot

The OPA cavity transfer function data points are stored in the file “newopa.txt”. The
servo designed in this example uses a second order low-pass filter with a corner frequency
of 25 kHz to suppress the PZT resonance. Two integrators located at 2 kHz and 20 kHz
increase the low-frequency gain. The resulting servo transfer function and the open loop
gain transfer function, which is the combination of the measured OPA cavity transfer
function (Figure B.2) and the servo transfer function are presented in Figure B.3. The
potential unity gain frequency is about 10 kHz. In this region the gain of the open-loop
transfer function is higher compared to the resonance of the PZT and a phase margin of
about 80◦ is available.

Now that suitable parameters for a servo have been determined, the circuit parameters
for the low-pass filter and the two integrators are needed. The analog circuit simulation
program LISO from G. Heinzel is used to simulate the behavior of the servo. The simu-
lation file for the servo transfer function looks like the following:

# filename servo.fil

################ Servo

#Integrator no.1

pole 100

zero 20k

#Differentiator not used

#zero 35k

#pole 500k

#Integrator no.2

pole 100

zero 2k

#Low-pass filter

pole 25.0k 0.7674
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Figure B.3: Bode plot of the open loop transfer function and servo transfer transfer function of
the OPA

# proportional gain adjustment

#factor 200 # factor for only one integrator

factor 4000 # factor for two integrators with

# and without low-pass filter

freq log 10 1000k 1000

The file contains a simulation of two integrators, each made by a pole and a zero, and the
low-pass filter with corner frequency of 25 kHz. LISO is calculating the transfer function
of the servo from this input file. Now we need an input file, which contains the circuit
layout of the servo such that LISO can calculate the needed values for the resistors and
capacitors. The servo circuit containing the two integrators and the low-pass filter is
given by the following file.

# filename servo-circuit.fil

uinput n1 # input

r ra 1f n1 nain

################## I und D

#D # not used here

#r r1a 116.10144 nain n1a ### fitted

r r2a 1.8017317k nain opam ### fitted

#c c1a 2.2n n1a opam ### fitted

#I

r r3a 360.35168k opam opao ### fitted

r r4a 1.8017317k opam n2a ### fitted
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c c2a 4.4n n2a opao ### fitted

#r rtest1 1f n2a opao

op opa op27 gnd opam opao

################## I und D

r rb 1f opao nbin

#D # not used here

#r r1b 106.64549 nbin n1b ### fitted

r r2b 1.1099431k nbin opbm ### fitted

#c c1b 2.2n n1b opbm ### fitted

#I

r r3b 22.22863k opbm opbo ### fitted

r r4b 1.1099431k opbm n2b ### fitted

c c2b 68n n2b opbo ### fitted

#r rtest 1f n2b opbo

op opb op27 gnd opbm opbo

##################### LP

r rd 1f opbo ndin

r r1d 4.1969449k ndin n1d ### fitted

r r2d 4.1886188k n1d opdp ### fitted

c c1d 2.2n n1d opdo ### fitted

c c2d 1n opdp GND ### fitted

op opd op27 opdp opdo opdo

uoutput opdo

#factor -2.7391298k ### fitted

factor -1 ### fitted

#param factor 1u 1M

## D-Fit

#param r1c 1 1M

#param r2c 1 1M

#sparam r4c

## I-Fit

param r2b 1 1M

sparam r4b

param r3b 1 1M
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param c2b 1f 1m

#param c1b 1f 1m

## LP-Fit

#param r1d 1 1M

#param r2d 1 1M

#param c1d 1f 1m

#param c2d 1f 1m

freq log 10 100k 1000

fit servo.out dbdeg rel

The fit of the servo values can only be achieved in an iterative way because of the
large parameter space. Hence, one starts with the “servo.fil”, to generate a servo transfer
function which contains only the first integrator. It is important to adjust the propor-
tional gain (factor) to match the high-frequency gain to 0 dB. Only this satisfies that the
simulated integrator circuit is not attenuating the processed signal. In the case of one
activated integrator, the needed factor is 200.

The next step is to run the “servo-circuit.fil” file. This file contains the electric circuit
of two combined integrator/differentiator circuits and a low-pass filter. At first one starts
with the simulation of a single integrator, the differentiator is not needed and resistor“r1a”
and the capacitor “c1a” are commented. The proportional gain of the circuit, defined by
“factor” has to be set to −1, due to using an inverting amplifier as integrator circuit.
The output of the simulated circuit has to be set to the first OP-amplifier output “opao”.
Afterwards the four lines of the integrator fit routine have to be un-commented and LISO
can process this simulated circuit input file. LISO will try to fit the values of “r2a, r3a,
r4a and c2a” and rewrite the new values into the input file. Usually LISO fits values with
an arbitrary precision. Hence, the resulting capacitor values are not available and one
has to choose manually a capacitor in the range of the fitted value and re-run LISO with
this capacitor value being fixed. Most of the time the resistor values are easily found by
combining two resistors in a serial or parallel circuit.

Now that the first integrator values have been fixed, the procedure starts again, now
with the circuit made out of two integrators. The “servo.fil” file has to be run with a
factor of 4000 to gain the simulated servo transfer function with two integrators. In the
“servo-circuit.fil” the factor has to be changed to one and the simulated circuit output
has to be set to the second OP-amplifier output “opbo”. Before the calculation can be
started the names of the components to fit have to be changed from rXa to rXb and from
cXa to cXb, where X is the number of the relevant component. Now the optimization
can be performed as described before.

After both integrators circuits have been fitted, the procedure have to be repeated for
the low pass filter. At the end all values for the circuit are known and the servo can be
optimized with this values.
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S(ω)
B(ω)

A(ω)

S(ω) H(ω) D(ω) PD(ω) M(ω)

-L(ω)

Figure B.4: Schematic of a control loop with integrated summing amplifier to measure the open
loop gain transfer function L(ω). A signal S is injected into the loop and the response of the loop
to this disturbance is measured at two different positions A and B inside the loop. The open loop
gain is then given by the ratio of −A/B.

B.2 Measuring an open-loop transfer function

The open loop gain L(ω) determines the performance of a control loop by showing how
good disturbances at specific frequencies are suppressed inside the loop, for details see
[AC00]. Therefore it is crucial to have access to the open loop gain. In Figure B.4
the open loop gain L(ω) is a combination of the servo’s transfer function S(ω), the HV-
amplifier’s transfer function H(ω), the devices transfer function D(ω) (e.g. a cavity),the
photodiode’s transfer function PD(ω), and the mixer’s transfer function M(ω). Ideally one
could measure L(ω) by opening the loop, injecting a sine wave at the input B, measure
the corresponding mixer output at point A and taking their ratio by using a network
analyzer. A sweep of the sine wave’s frequency would result in the desired open-loop
transfer function. The problem with this kind of direct measurement is the free-running
output can be outside the sensor range, while the loop is open. Hence, no useful signal
can be detected. Moreover, the gain of the loop may be large enough to drive the actuator
into saturation, such that no change of the actual state can be measured by the sensor.

An effective way of accessing the open-loop transfer function is via an indirect mea-
surement while the loop is closed [Hei95]. Figure B.4 shows that the following relations
are valid

B(ω) = S(ω) +A(ω) (B.1)

A(ω) = −L(ω) ·B(ω) = −L(ω) · [S(ω) +A(ω)] . (B.2)

From this follows directly the open-loop transfer function

L(ω) =
−A(ω)

B(ω)
, (B.3)

which can be measure easily with a network analyzer.
An example of an open-loop transfer function measured by this method is displayed

in Figure B.5.
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Figure B.5: Measured open loop transfer function of the SHG cavity control loop. The unity gain
frequency is about 10 kHz.
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Appendix C

Electronics

C.1 Temperature controller

The circuit diagram of the temperature controller used for stabilizing the temperature of
crystals inside the SHG, OPA and OPO ovens are displayed in Figures C.1 and C.2. This
temperature controller was designed by H. Vahlbruch.

C.2 HV amplifier

The schematics of the high voltage amplifier are presented in Figures C.3–C.6.

C.3 Modecleaner servo

The circuit diagram of the generic servo that has been used for most of the control loops
is presented in Figures C.7 and C.8. For simplicity, the power supply circuits are not
shown. The electronic layout of the servo was designed by H. Vahlbruch. This servo
presented here has to be adapted to the individual control loop. The best way to do this
is to measure a transfer function of the loop and calculate the best servo to that loop
with the procedure presented in Section B.1.

C.4 Homodyne photodiode

The circuit diagram of the homodyne photodiodes is shown in Figure C.9. These photo-
diodes have been designed by B. Hage.

C.5 Resonant photodiode

The circuit diagram of a resonant photodiode can be found in Figure C.10. These pho-
todiode design has been developed by B. Hage.
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Figure C.1: Circuit diagram of temperature controller used for stabilizing the temperature of the
SHG, OPA and OPO ovens. Part 1/2
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C.5 Resonant photodiode

Figure C.2: Circuit diagram of temperature controller used for stabilizing the temperature of the
SHG, OPA and OPO ovens. Part 2/2
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Figure C.3: Circuit diagram of the HV amplifier. Part 1/4

216



C.5 Resonant photodiode

Figure C.4: Circuit diagram of the HV amplifier. Part 2/4
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Figure C.5: Circuit diagram of the HV amplifier. Part 3/4

218



C.5 Resonant photodiode

Figure C.6: Circuit diagram of the HV amplifier. Part 4/4
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Figure C.7: Circuit diagram of generic servo layout. Part 1/2
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C.5 Resonant photodiode

Figure C.8: Circuit diagram of generic servo layout. Part 2/2
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Figure C.9: Circuit diagram of the homodyne photodiode
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C.5 Resonant photodiode

Figure C.10: Circuit diagram of a resonant photodiode

223





Appendix D

Origin of technical noise in the squeezed
field

The technical noise below 3.5MHz originates from the classical seed field entering the
OPA cavity through the backside. Its source are mainly the laser relaxation oscillation
and amplitude noise of the pump light [HRH+97]. The seed field is partially transmitted
through the OPA and its noise characteristics are superimposed with the squeezed vacuum
produced by the OPA. The seed field is needed for two reasons. First it is used for the
length control of the OPA cavity (see Sec 3.3.5.1). Secondly it carries phase modulation
sidebands that are also partially transmitted through the cavity which allow a stable
control of the homodyne detection angle (see Section 3.4.1).

In Figure D.1 the attenuation of the transmitted power through the cavity is presented.
The attenuation of the noise transmitted through the OPA cavity is 14.5 dB. Knowing
this and looking at a typical squeezing spectra (Figures 3.27 and 3.29), one realizes that
the technical noise in the squeezing spectrum is still up to 20 dB above the vacuum noise
level.

Subtraction of optical signals

One idea to get rid of the technical noise is to use a separate bright coherent laser
beam and overlap it with the weak squeezed beam. This idea was used in [SVF+04] to
produce squeezed states down to sideband frequencies of 80 kHz. The two overlapped
beams both originate from the same laser source. Hence, the experiment is in principle a
Mach-Zehnder Interferometer with independently adjustable beam splitter reflectivities
ǫ1 and ǫ2 (Figure D.2). To show the common mode noise cancellation first one has to
derive the amplitude quadrature operator X̃1,out in frequency space. The amplitude noise
from the laser source X̃1,src and vacuum fluctuations entering lossy ports of the setup
(X̃1,vac,X̃1,loss,X̃1,oc) are only considered in the following calculation. A bright coherent
state represented by the quadrature operator X̃1,src encounters the beam splitter with
reflectivity ǫ1 that couples in the vacuum fluctuations through the unused beam splitter
port. The resulting outgoing fields are given by

X̃1,ic =
√
ǫ1X̃1,vac +

√
1 − ǫ1X̃1,src

X̃1,ref =
√

1 − ǫ1X̃1,vac −
√
ǫ1X̃1,src .

(D.1)
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Figure D.2: Schematic of the experimental setup for the suppression of the technical noise below
3.5 MHz

226



The field X̃1,ic is used as a seed field for the OPA. The OPA acts in a way as it is described
in Section 3.3.2 to produce an amplitude quadrature squeezed beam in transmission.
Following the treatment of optical parametric amplification (Section 3.3.2), the amplitude
quadrature of the outgoing field X̃1,sqz is given by

X̃1,sqz(Ω) =
2
√
κicκocX̃1,ic + (2κic − iΩ − κ+ g)δX̃1,oc + 2

√
κocκlossδX̃1,loss

iΩ + κ− g
, (D.2)

where κm1, κm2 and κloss are the input, output and loss coupling rates, respectively, for
the OPA cavity with the total decay rate κ = κm1 + κm2 + κloss. Moreover the operators
X̃1,oc and X̃1,loss are both purely representing vacuum fluctuations that are coupled in
from the output coupler or by losses. The reference beam X̃1,ref is given a phase shift φ
before being interfered with the squeezed beam X̃1,sqz on the second beam splitter with
reflectivity ǫ2. The output of the second beam splitter is then described by

X̃1,out =
√
ǫ2X̃1,sqz +

√
1 − ǫ2X̃1,refe

−iφ . (D.3)

Using this together with Equation D.2 results in

X̃1,out =
{[√

(1 − ǫ1)ǫ22
√
κocκoc −

√
(1 − ǫ2)ǫ1 (iΩ + κ− g) e−iφ)

]
X̃1,src

+
[√

ǫ1ǫ22
√
κicκoc +

√
(1 − ǫ1)(1 − ǫ2) (iΩ + κ− g) e−iφ

]
X̃1,vac

+ [
√
ǫ2 (2

√
κocκloss)] X̃1,oc

+ [
√
ǫ22

√
κlossκoc] X̃1,loss

}
· 1

iΩ + κ− g
.

(D.4)

The value of the relative phase φ from the reference beam to the squeezed output of
the OPA is set to zero to satisfy a complete cancelation of the coherent amplitude at
the chosen output port. The noise spectrum of the output field may be calculated using
V1,out(Ω) = 〈 X̃2

1,out 〉− 〈 X̃1,out 〉2. In the following it is assumed that all involved vacuum
fields are uncorrelated among themselves and its variances can be set so V1,vac = V1,oc =
V1,loss = 1. Assuming further that sideband frequencies of interest are within the linewidth
of the cavity the approximation Ω ≪ κ can be used. Then the laser source contributions
to the output field can be completely removed if the following relation between the two
beam splitters is satisfied

ǫ1 =

(
1 +

ǫ2
1 − ǫ2

4κicκoc/κ
2

(1 − g/κ)2

)−1

. (D.5)

This condition can be interpreted as ǫ1 compensating for the classical OPA gain in order
to achieve perfect interference visibility. Experimentally this condition is easily realized
by matching the intensities of the squeezed beam with the reference beam—scaled with
1 − ǫ2—at the second beam splitter. If the condition in Equation D.5 is satisfied the
detected variance by the homodyne detector simplifies to

V1,out = 1 + ǫ2ηesc
4 gκ(

1 − g
κ

)2 , (D.6)
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with the escape efficiency ηesc = κoc/κ. From the above equation of a squeezed vacuum
results that the reflectivity of the second beam splitter ǫ2 should be close to unity to
minimize the losses of the squeezing. In the experiment described in [SVF+04] the second
beam splitter has a reflectivity of 99% the resulting 1% loss for the squeezed beam is small
compared to the overall loss of such an squeezing experiment. Comparing the discovered
variance of the squeezed vacuum output of the second beam splitter with a seeded OPA
output (Equation 3.25) reveals that Equation D.6 is identical if the OPA is seeded only
with a vacuum noise limited input combined with a detection loss of 1 − ǫ2.
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Transfer function of Fabry-Perot cavity

The transfer function of a linear Fabry-Perot cavity (Figure E.1) is derived in this chapter.
In the following it is assumed that the cavity mirrors are lossless. These can be modelled
with transfer matrix of the beam splitter given by Equation 2.67 with the mirrors indi-
vidual amplitude reflectivity r and amplitude transmissivity t. As a result one obtains
the mirror transfer matrix

M =

(
r i t
i t r

)
. (E.1)

The relation between the light fields—coupling with the two cavity mirrors m1 and m2

shown in Figure E.1—are given by

(
arefl

a1

)
=

(
r1 i t1
i t1 r1

)(
ain

a′2

)
(E.2)

(
a2

atrans

)
=

(
r2 i t2
i t2 r2

)(
a′1
0

)
. (E.3)

Here the individual fields correspond to: the incoming field ain, the transmitted field atrans,
the reflected field arefl, and the intra-cavity fields a1, a

′
1, a2 and a′2. The propagation of

the fields inside the cavity are described by

a′1 = a′1 eikL (E.4)

a′2 = a′2 eikL , (E.5)

where k corresponds to the wave number k = 2π/λ and L is the geometrical length of
the cavity. From Equations E.2–E.5 together with abbreviation

d =
1

1 − r1 r2 e2ikL
(E.6)
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ain a1 atransa1‘

arefl a2 0
L

a2‘

Figure E.1: Light field amplitudes at a Fabry-Perot cavity

the following relations for the field amplitudes can be derived:

a1 = i d t1 ain (E.7)

a′1 = i d t1 ain eikL (E.8)

a2 = i d t1r2 ain (E.9)

a′2 = i d t1r2 ain eikL (E.10)

atrans = −d t1t2 ain eikL (E.11)

arefl = r1 ain − d t21r2 ain e2ikL (E.12)

=
(
r1 − r2 e2ikL

)
d ain . (E.13)

Therefore, the amplitude transfer functions in transmission and reflection of the Fabry-
Perot cavity are given by the ratios

τ =
atrans

ain
=

− t1t2 eikL

1 − r1 r2 e2ikL
(E.14)

(E.15)

ρ =
arefl

ain
=

r1 − r2 e2ikL

1 − r1 r2 e2ikL
. (E.16)

These equations have been used in Figures 3.15, 4.25, 6.4, and D.1 to simulate the prop-
erties of a Fabry-Perot cavity and calculate the power reflectivity, power transmissivity
or the frequency-dependent phase change that has to be applied to the field in reflection
and transmission.
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