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Abstract

Active laser power stabilization is essential to meet the high laser
power stability demands of second generation gravitational wave de-
tectors. To achieve a sufficient shot noise limited performance high
optical power needs to be detected in traditional stabilization schemes.
This leads to technical complications, for example, those caused by
the thermal loads induced in the sensors. Therefore, novel detection
schemes for laser power noise become desirable.

One of these is Optical AC coupling, which reduces the amount of op-
tical power that needs to be detected in order to reach a certain shot
noise limited sensitivity by placing the photodetector in reflection of
an optical resonator. To investigate the potential for implementing
Optical AC coupling in gravitational wave detectors, different experi-
ments were performed in the 0.3 Hz to 60 kHz frequency range, thereby
covering the gravitational wave detection band.

A dedicated laboratory experiment was designed and set up, allowing
for an Optical AC coupling based power stabilization at previously
unattained sensitivity. At the core of this experiment is a 1 m long,
high Finesse optical resonator with a corner frequency of 2kHz. De-
tailed noise investigations including effects due to non perfect mode
matching were crucial in obtaining the final performance.
Furthermore, the potential to increase the power stability of light
injected into full scale gravitational wave detectors via Optical AC
coupling was explored. For the first time, measurements of the so
called Optical AC coupling transfer function of the coupled cavities,
formed by the power recycling mirror and the main interferometer,
of the Advanced LIGO Livingston and the GEO 600 detectors are
presented. Experiments towards an implementation of the Optical
AC coupling technique into the power stabilization feedback control
scheme of GEO 600 provided valuable insight into the specific chal-
lenges that arise with such an implementation at gravitational wave
detectors.

Keywords: active laser power stabilization, shot noise, Optical AC
coupling, gravitational waves






Kurzfassung

Aktive Laserleistungsstabilisierung ist unerlésslich, um die hohen An-
forderungen an die Leistungsstabilitat der zweiten Generation von
Gravitationswellendetektoren zu erfiillen. In traditionellen Stabil-
isierungsmethoden miissen hohe optische Leistungen detektiert wer-
den, um eine ausreichende Schrotrausch begrenzte Leistungstabilitat
zu erreichen. Dies fiihrt zu technischen Komplikationen, verursacht
z.B. durch die thermische Leistung, die in den Sensor eingebracht
wird. Dadurch werden neue Verfahren zur Laserleistungsstabilierung
zunehmend interessanter.

Eines dieser neuen Verfahren ist das sogenannte Optical AC cou-
pling. Bei diesem Verfahren wird die optische Leistung, die detektiert
werden muss, um eine bestimmte Schrotrausch begrenzte Sensitivitat
zu erreichen, reduziert, indem der Photodetektor in Reflektion eines
optischen Resonators platziert wird. Um die Moglichkeit zu unter-
suchen, Optical AC coupling in einem Gravitationswellendetektor zu
implementieren, wurden unterschiedliche Experimente in einem Fre-
quenzbereich zwischen 0.3 Hz und 60 kHz durchgefiihrt und damit das
Gravitationswellendetektionsband abgedeckt.

FEin spezielles Laborexperiment wurde geplant und installiert. Eine
Optical AC coupling basierte Leistungsstabilisierung mit bisher unerre-
ichter Sensitivitat wurde erzielt. Das Herzstiick des Experiments ist
ein 1m langer optischer Resonator mit einer hohen Finesse und einer
Eckfrequenz von 2kHz. Detaillierte Rauschuntersuchungen waren
essenziell, um die finale Sensivititdt des Experimentes zu erreichen.
Vor allem Effekte, verursacht durch nicht perfekte Modenanpassung,
mussten dabei beriicksichtigt werden.

AuBerdem wurde die Moglichkeit untersucht, Optical AC coupling
einzusetzen, um die Leistungsstabilitat des Lichtes, welches in einem
Gravitationswellendetektor eingekoppelt wird, zu verbessern. KErst-
mals wurde die sogenannte Optical AC coupling Transfer Funktion des
gekoppelten Resonators, bestehend aus dem sogenannten Power Recy-
cling Spiegel und dem Hauptinterferometer, fiir den Advanced LIGO
Livingston Detektor und GEO 600 vermessen. Weitere Experimente
auf dem Weg zu einer moglichen Integration von Optical AC cou-
pling in die Leistungsstabilisierung von GEO 600 wurden durchgefiihrt
und lieferten wertvolle Informationen iiber die moglichen Hindernisse,
welche bei einer solchen Implementierung auftreten kénnen.
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Chapter 1

Introduction

Continuous wave lasers with highly stable frequency and optical power
are fundamental tools in metrology and experimental physics. The
spectrum of applications with high demands on laser power stability
ranges from atomic clocks utilizing optically trapped atoms [l 2] over
the generation of frequency combs [3, 4] to zepto-newton force sensing
experiments with optically trapped nanospheres ﬂa], absorption spec-
troscopy (Gas Detection) ﬂa] and opto-mechanical experiments ﬁﬁ)
One of the most demanding experiments with respect to laser power
stability is the detection of gravitational waves, which are disturbances
in space-time produced by extremely violent cosmological phenomena
such as supernovae, colliding neutron stars and merger of two black
holes ﬂQ] Traveling at the speed of light, gravitational waves stretch
and compress the fabric of space-time perpendicular to their direction
of propagation.

In 2015, almost exactly 100 years after their prediction through Ein-
stein, gravitational waves created by a binary black hole merger, were
detected for the first time in history ﬂQ] Due to this major break-
through the Nobel Prize in physics was awarded to Rainer Weiss, Kip
S. Thorne and Barry C. Barish in 2017.

Modern gravitational wave detectors like Advanced LIGO (aLIGO)
[1d, [11), Advanced Virgo [12, [13] or GEO 600 [14, [15], are designed
as Michelson-Interferometers with arm lengths up to 4km. A gravi-
tational wave passing through the detector induces a differential arm
length change between the interferometer arms and is therefore trans-
formed into a laser power change at the readout port of the detector.
Laser power noise can couple into the interferometer readout through
various mechanisms and therefore strict requirements are imposed on

Chapter 1



1 Introduction

the relative power stability of the light injected into the interferome-
ter. For the aLIGO detectors these requirements are set to a relative
power stability of 2.0 - 1077 Hz~1/2 at a frequency of 10 Hz, which is
magnitudes beyond the stability provided by even the best available
laser sourcesﬁéi
The only way to reach a sufficient noise suppression, especially at a
frequency of 10 Hz, is by means of active power stabilization. A fun-
damental limitation with respect to the detection of power noise is
set by shot noise, which is caused by the quantum nature of light
| and corresponds to a minimal uncertainty in the power measure-
ment of a coherent state. The relative size of the shot noise can be
decreased by detecting more optical power, however, the amount of
power that needs to be detected in order to reach the aLIGO require-
ments, can not be handled by a single photodiode. Hence, a dedicated
photodiode-array was developed which allowed the optical power to
be split onto four photodiodes thereby reducing thermal and technical
complications ﬂE]
Since relative shot noise decreases with the square root of the opti-
cal power, any future experiment with even stricter requirements will
have to put a lot of effort into the design of a better sensor for laser
power noise.
A possible way to avoid complicated detector cooling schemes or a
further scaling in the number of photodiodes was introduced with
the Optical AC coupling technique ﬂﬁ] This novel approach exploits
the carrier reduction in reflection of an optical resonator to achieve
a reduced optical power on the detector without losing sensitivity to
power fluctuations with optical frequencies outside of the resonator
linewidth.
In using Optical AC coupling a former unattained detection sensitiv-
ity for relative laser power fluctuations of 1019 Hz~1/2 was achieved
for frequencies above 10 MHz @] This demonstrates the significant
potential of this technique for further improvements in laser power sta-
bilization. An implementation of Optical AC coupling into an active
power stabilization feedback control scheme allowed for an improve-
ment in relative power stability by a factor of 9, compared to a clas-
sical power stabilization detecting the same amount of optical power
]. However, the maximum improvement could be achieved only at
frequencies above 100 kHz. Various excess noise sources, which were
introduced by the optical resonator were characterized and had to be
minimized rigorously before the final performance of the experiment



could be achieved. The remaining excess noise for frequencies below
4kHz was partly attributed to mechanical resonances of the setup
and partly remained unexplained ﬂﬁ] Therefore the suitability of the
OAC technique for laser power stabilization at lower frequencies has
to be tested, especially with respect to potential noise sources, which
could not be identified in earlier experiments due to the described ex-
cess noise.

This thesis presents the investigation of the Optical AC coupling tech-
nique at frequencies between 0.3 Hz and 60 kHz, performed at large
scale gravitational wave detectors and in a dedicated laboratory ex-
periment. The experiments were performed at several locations; the
Albert-Einstein-Institute in Hannover, the alLIGO Livingston detector
in Louisiana and the GEO 600 detector near Hannover.

Structure of the thesis

Chapter 2 briefly reviews the analytic description of laser beams
and laser power noise, before typical laser noise sources are discussed.
The phasor picture and the sideband picture for laser power modu-
lations are introduced, before active and passive power stabilization
techniques are reviewed. Limitations of state of the art laser power
stabilization are presented at the end of the chapter.

In Chapter 3 the novel Optical AC coupling technique for laser power
stabilization is introduced theoretically. The optimization of the Op-
tical AC coupling gain for imperfectly mode matched resonators is
analyzed, before the most important noise couplings attributed to the
OAC technique are discussed.

Design, setup, characterization and final performance of a new OAC
experiment, performed at the Albert Einstein Institute in Hannover,
are presented in Chapter 4. The core component of this experiment
is an OAC resonator with a narrow linewidth below viyw = 4 kHz and
a tunable impedance matching.

Chapter 5 presents the first Optical AC coupling transfer function
measurements performed at the operational gravitational wave de-
tectors alLIGO Livingston and GEO 600. The last part of the chapter
discusses noise investigations towards the implementation of OAC into
the power stabilization feedback control loop at GEO 600.

The final Chapter 6 summarizes the work presented in this thesis.

Chapter 1






Chapter 2

Laser power stabilization

This chapter is a short introduction into the formalism used through-
out the scope of this thesis. After the definition of transfer functions
and spectral densities (Section 2.1]), laser beams and especially laser
power noise are introduced in Section [2.2)).

With the phasor representation and the sideband picture, a graphical
representation for the laser noise and amplitude modulations is devel-
oped in Section 2.3l This picture will be used throughout this thesis,
especially in Chapter [3, which is devoted to the Optical AC coupling
theory.

Several important laser power noise sources are discussed in Sec-
tion2.4] which explains the two major categories of laser power noise;
quantum shot noise and technical laser power noise.

The foundation established within the first Sections allows to under-
stand passive laser power stabilization schemes introduced in Section
Passive power stabilization can be achieved with different opti-
cal components. However, a key topic for this thesis is the theory
of optical resonators and their filtering effect, with respect to power
fluctuations.

Active power stabilization schemes and their theoretical shot noise
limited performance are discussed in Section The limits of state
of the art laser power stabilization are reviewed briefly in Section [2.7]
in order to emphasize the demand for advanced techniques for laser
power stabilization.



2 Laser power stabilization

2.1 Transfer functions and power spectral
densities

If a physical system is invariant in time and any linear combination of
arbitrary input signals results in the same linear combination of their
respective output signal, the system is referred to as an ideal linear
time invariant (LTT) system. The dynamics of such a system can be
described either by its impulse response function h(t) (time domain)
or by its frequency response function H(f) (frequency domain), which
is the Fourier Transform of h(t) (see Figure 2.1) [23, Chapter 2.
The output y(t), which results from the input x(t) to the system, can
therefore be calculated either in the time domain with the so called
convolution integral or in the frequency domain via a simple multipli-
cation with the frequency response function.

In this thesis, the frequency domain approach and the usage of fre-
quency response functions, referred to as transfer functions from here
o, will be of major importance.

The transfer function of a system is defined as:

Y(f) = H(F)X(f) = [H(f)le P DX(f), (2.1)

where X(f) and Y(f) are the finite Fourier transforms of the time series
x(t) and y(t). The transfer function H(f) is a complex function that
can be divided into its magnitude [H(f)| and phase factor ®(f).

H(f) = [H(f)[e D) (2.2)

If the input of a system with transfer function H(f), is a sinusoidal
modulation with a certain amplitude x(t) = A cos(27ft), the output of
the system will be a sinusoidal modulation at the same frequency, but
with a modified amplitude and phase y(t) = [H(f)| A cos(2mtft+®(f)).

The power spectral density Sy (f) of a signal x(t) is defined as the
Fourier transform of its autocorrelation functioni?é]. Since the power
spectral density is a symmetric function with respect to frequencies,
it is convenient to use the one sided power spectral density Gy (f) =
2S84 (f), or a one sided linear spectral density 1/ Gy/(f).

The previously defined transfer function H(f) can also be used to
calculate the one sided power spectral density of the output signal

INote that the frequency response function is a special case of the more profound
transfer function definition, see [24, Chapter 2]



2.2 Laser beams and laser power noise

impulse response
function

R L
input output

frequency response
function

Xt —p v

input output

Figure 2.1: Impulse response function and transfer function of a linear system

Gy(f) from the one sided power spectral density of the input signal
G« (f) according to ﬂﬁ, Chapter 6]:

Gy(f) = [H(f)]* Gx(f)  in units of [le] (2.3)

And similarly the one sided linear spectral density of the output can
be found as:

1
\/ Gy (f) = [H(f)[/ Gy(f) in units of [\/H_z] (2.4)

2.2 Laser beams and laser power noise

The complex field amplitude U(T,t) of a laser beam can be described
as
U(F ) = Up(t) - ™I N o Wy () (2.5)

1,m>0

with the amplitude Up(t) and the laser frequency v(t). Frequency
and wavelength are related by the speed of light ¢: A(t) = c¢/v(t).
The spatial beam profile is expressed by the sum > ¢y Wim (F), with
the complex amplitudes Wi, (¥) of the Hermite Gaussian modes HG 1,
and their complex expansion coefficients clmﬂﬁ, @, ]

The normalization of the coefficients ¢, and Wiy, is defined by:

J dxdy¥im (PP =1 and ) el =1 (2.6)
1,m>0




2 Laser power stabilization

The absolute power P(t) is calculated from the complex field ampli-
tude as:

P(t) = [U(F,t)*  in units of [W]. (2.7)

For better comparability it is common to use the relative power noise
(RPN), which is the absolute power noise P normalized by the aver-
age optical power P for a certain time span.

RPN(t) = 6P(t)/P = [U(F, t)*/IU(F, 1) (2.8)

The average optical power for a certain time span T can be calculated
with:
1

P UEROP =g | P (29)

As laser power noise is usually the result of a stochastic process, it
is often characterized by the one sided linear spectral density RPN(f)

24, 24, [21].

Gp(f)
52

RPN(f) = in units of [ L ] (2.10)

VHz

With Gp(f) being the one sided power spectral density of the laser
noise, which can be used to calculate the amount of variation in the
time series that is caused by frequencies in a narrow band around fre-
quency f @@]

The contribution of frequencies in 1 Hz bandwidth around frequency f

to the root mean square (RMS) relative power fluctuations mp rams,1 Hz(f),
can be calculated as @, Chapter 2.4]13%, @]

f+0.5Hz
mp rMS,1 Hz(f) = J RPN(f)2df (2.11)
f—0.5Hz

2.3 Phasor representation and sideband picture

Throughout this thesis a graphical illustration for modulated laser
light fields will be utilized. In the phasor representation of a complex
laser amplitude, the electric field U(¥,t) is described as a vector in
the complex plane, which rotates with the optical frequency v(t) @f

]. We will assume a beam of constant amplitude Up(t) = Up and



2.3 Phasor representation and sideband picture

Fixed frame ' Rotating frame
Re ' Re’
A :
E for all
' times t
A '
2nvt =n/4 :
2nivt=n/2 :
Im e : P
' Im

Figure 2.2: Left: The phasor of an electric field rotates in the fixed frame with its
optical frequency v. Right: In the rotating frame (rotation with frequency v) the
phasor points up for all times t.

frequency v(t) = v and neglect the spatial components }_ cimWim ().
With these simplifications Equation becomes:

U(F,t) = Ug - 2™t (2.12)

The representation of the field at different times in the phasor diagram
can be seen on the left side of Figure Next we want to assume a
rotating frame, which rotates exactly a the frequency v of the laser.
In this frame the vector loses its time dependent component eVt
and points always in the same direction, see Figure [Zﬁ

2.3.1 Amplitude modulation and noise in the sideband
picture

If we apply sinusoidal amplitude modulation with modulation coeffi-
cient m and modulation frequency f to this laser beam, this can be
be denoted as:

U ="Up (1 4+ m cos(2mft))
= Uy (1 + %eZim“t + %e—linft) (2.13)
The laser field consists of three components : a stationary component,

which will be referred to as carrier component, and two so-called mod-
ulation sideband components.

2Extensive discussions of this topic can be found in m, [ﬁ]




2 Laser power stabilization

Modulation | Noise
___________________________ I________________________

single Re : Re  hoise contribution

frequency carrier | at frequency f
|
|

lower upper : r= Mgws, 1Hz
_____ sideband sideband | 2
m I
2 L-Im< f v : Im>?\ K—f\; v
E + E +
| \F/  \#/
S : ________________________

multiple : white noise

frequencies Re l Re
I 4
|
1 Mgws, 1ny
|
I

et ’ -
Im+ >V ! Im< v

Figure 2.3: Left: Single and multiple amplitude modulations in the sideband pic-
ture. Right: Noise around a single frequency and white amplitude noise in the
sideband picture

To be able to differentiate between the optical frequency v of different
phasors an additional dimension is necessary. This can be done in
two ways: Either a third axis is introduced, or the same axis is used
for imaginary part and the optical frequency v. The later solution is
the one chosen in the scope of this thesis. In this convention the base
point of a phasor on the v-axis determines the frequency of the light
field represented by the phasor.
In the rotating frame the carrier component always points upwards
at all times t (see Figure 2.3). The sidebands are represented with a
phasor at v = f and v = —f, which both point into the same direction
as the carrier at t = 0. The upper sideband has a faster rotation than
the carrier, hence it rotates counter-clockwise in the rotating frame,
while the lower sideband rotates clockwise.
Noise, in contrast to a defined sinusoidal modulation, does not have a
fixed phase or modulation coefficient and can only by described as a
stochastic process using for instance a power spectral density.
We can use equation 2.11] to calculate the RMS noise contribution at
a specific frequency f.
This noise contribution is then illustrated as circles with a radius

_ mgrms, 1 H(f)  mp rMs, 1 H(f)

Th = 5 = 1 , (2.14)
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2.4 Noise sources

around v = —f and v = f (see Figure [2._3])@ Noise with a con-
stant power spectral density for all frequencies, will be referred to
as white noise. It will be illustrated as a noise stripe with the height
MRrMS,1 Hz(f)/2, throughout this thesis.

We now have defined an analytical way to describe laser beams and
laser power noise. With this foundation, active and passive power
stabilization schemes, as well as their advantages and disadvantages,
are discussed next.

2.4 Noise sources

Fluctuations in the optical power of a laser beam can be caused by
different noise sources, which will be divided into two different cate-
gories, the technical power noise and the quantum shot noise.

2.4.1 Shot noise

Every light beam consists of light quanta called photons. Each pho-
tons carries an energy of Ephoton = hv, with h being the Planck
constant, ¢ the speed of light and v = ¢/A, the frequency of the laser.
Photons are statistically distributed on the laser beam following a
Poisson distribution. Therefore, the number of photons arriving at a
detector in a certain time interval is always fluctuating. This is typi-
cally referred to as quantum shot noise of a laser beam.

The relative shot noise of a laser beam with an optical power P can
be described by its single sided linear spectral density:

[2hc
N=/. 2.1
S PA (2.15)

If the shot noise of a laser beam is detected using a photodiode, it
is convenient to calculate the relative shot noise depending on the
detected photocurrent ip ﬂﬁ]

[2 N1
SN [28 18 108 1/2, 1A (2.16)
D D

with e being the elementary charge.
Classical laser light can not become more stable than the quantum

3This assumes both sidebands to be correlated at any point in time, such that
the amplitude fluctuation can be calculated by adding up both sidebands.
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2 Laser power stabilization

shot noise, therefore the shot noise is considered as a classical funda-
mental limit for power stability@.

2.4.2 Technical power noise

The stability of available laser light sources is usually limited by other
noise sources, up to several MHz, which will be referred to as tech-
nical noise sources. Laser power fluctuations can be categorized into
different categories:

e Laser internal noise sources

Power fluctuations can be produced inside the laser resonator
itself by various sources. Fluctuating strength of the laser pump
currents result into fluctuating output power of a laser ],
other couplings can be induced by thermal fluctuations of the
gain medium or mechanical disturbances in the laser resonator
itself ﬂﬂ]

Laser external noise sources

Outside the laser resonator, power fluctuations can be caused
by dust particles falling through the beam, or beam pointing,
which can be converted to power modulation in combination
with clipping effects on optical components or due to varying
throughput of an optical resonator.

Polarization fluctuations can be converted to power modulations
by optical components with polarization dependent transmis-
sion, such as mirrors, polarizing beam splitter (PBS) or optical
resonators @]

If a beam is transmitted through an optical resonator, beam
pointing of the beam incident to the resonator can be converted
into power noise in transmission of the resonator as Well.ﬂﬁ, @]

Noise sources at the photodiode

Laser power noise is usually measured with photodiodes, which
convert the arriving photons into an electric current. Several
noise sources can couple into the power noise measurement at

4In quantum mechanics, shot noise is a fundamental property of a coherent state,

12

which is used to describe laser beams @, Chapter 4]. It is possible to transfer
uncertainty from the amplitude quadrature to the phase quadrature (and vice
versa), by so called squeezing. The result is a squeezed state, with reduced am-
plitude/phase quantum noise compared to a coherent state [37-39]. However,
we will use a classical approach to describe laser shot noise throughout this
thesis.



2.5 Passive laser power stabilization

a photodiode. A frequently encountered noise source attributed
to the detection process is scattered light @, @] Furthermore,
beam pointing fluctuations of the beam on the photodiode itself
can couple either via clipping effects on the photodiode surface
or due to an inhomogeneous responsivity of the photodiode sur-
face.

e Electronic noise

Depending on the exact layout of the photodetector different
noise sources can couple into the power noise measurement. This
can be either resistor thermal noise, or input current or input
voltage noise of operational amplifiers, which are regularly used
in photodetectors. Photodiode dark noise or photodiode bias
voltage fluctuations produce additional electronic noise in the
detection process. An extensive study of these electronic noise
sources can be found in @]

2.5 Passive laser power stabilization

In passive power stabilization schemes the laser beam is guided through
an optical component, which then leads to an attenuation of power
fluctuations due to the specific properties of the component. Often
optical resonators] are used to passively filter power fluctuations @],
but other optical components, such as Mach Zehnder interferometers
ﬂﬁ] or saturated laser amplifiers @HL have been used for passive
laser power stabilization as well.

The passive filtering of the optical component can be described by
a transfer function analog to Section 2.1l with the input signal being
Pin(t) or its finite Fourier transform Pi, (f) respectively, and the out-
put signal Poyt(t) and Pyt (f), see Figure 2.41

It is important to note that if we can find an analytical description,
how a sinusoidal power modulations at the input of the optical compo-
nent is converted to a sinusoidal modulation at its output, this transfer
function can also be used for noise calculations (see Section [2.1]).
Next we will analyze the fundamental properties of an optical res-
onator and derive a transfer function h(f), which relates the resonator
internal field amplitude to the incoming field amplitude.

This transfer function is used in the next step to describe the passive
filter properties of an optical resonator with respect to transmitted

5Also referred to as optical cavities
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optical component

Pin (t) _> _> Pout (t)

input output

optical component

P.(()—» —» P, ()

input output

Figure 2.4: Passive filtering of power modulations at the input of the optical com-
ponent in time domain and frequency domain

power modulations: It will also become essential for Chapter B, in
which transfer functions from incident modulations to reflected power
modulations are derived.

2.5.1 Optical Resonators

The simplest optical resonator is a linear two mirror resonator, see
Figure If the distance between both mirrors is an integer multiple
of half wavelengths of the light incident to the resonator (L = qA/2),
light can start to resonate, since the field after one round trip in the
resonator, interferes constructively with the field entering at the in-
coupling mirror.

The difference between two successive frequencies which fulfill this
requirement is called the free spectral range of the resonator vesg
and depends solely on the distance between both mirrors L.

VESR = Vqi1 — Vg = i in units of [Hz] . (2.17)
The characteristic parameters of an optical resonator are the mirror
amplitude reflectivities 17,12 and amplitude transmissivities ti,ty,
which are connected by Tiz + ti2 = 1, and the resonator internal loss
factor ty.

To understand how an optical resonator can be used as passive fil-
ter for laser power fluctuations, it is useful to calculate the resonator
internal fields U; to Uy, the reflected field U,cf; and the transmit-
ted field Uirgns, in dependence of the incoming field U;,,, following
ﬂZ—AL Iﬁ, @, @] A phase shift of 7t/2 is attributed for each transmis-
sion through a mirror to satisfy energy conservation.
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mc 2 N
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]
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1(r1,t1) Mz("z:tz)

U trans

v

Figure 2.5: A linear resonator consisting of the two mirrors M1 and M2 with am-
plitude reflectivities r; and transmissivities t;, which are separated by the Length
L. The incident, reflected, transmitted and circulating fields are illustrated in
blue. The effect of resonator internal losses & are indicated in the middle of the
resonator

The field accumulates a phase shift of exp(—i27tvL/c), while it is prop-
agating over the length L and to take account for resonator internal
losses &g, the field gets attenuated by 11 = e*0?L for a complete round
trip. Furthermore, it will be useful to define the round-trip gain gy:

gre(v) = TyToTLexp(—i2mvik) (2.18)

A set of equations can be derived by following the field through one
round-trip within the resonator:

Uy =ity Uy + 17 Uy,
U, = /r. Uy - exp(—i2nvL/c),
Uz =72 Uy,
Uy = /L Uz - exp(—i2mvLl/c),
WUrert =11 Ui + ity Uy,
Utrans = it2Uz,

This set of equations can be solved for Uy and U,, which results in:

. L
. —i27tv—<
1/ T2t e c
Uz = Uip

—1271\/& (2‘25)
1—rrrim32e c
irpraty e_iZﬂVZC_L
Uy = Ui, - 5T (2.26)
T—rimiTe ™
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Which can be used to find the reflected and transmitted field according
to Eq. 2.23] and [2.24k

ti1tr/
utrans(v) = _;ziggl_uin(v) (2.27)
—urt
t? rt/T
Urer1(v) = (n — ]19_7;/;) UWin (v) (2.28)

Intensity I;(v) and the phase ®(v) of each field U; can be found using:
L(v) = W2, ©W) = Arg(W(v)) . (2:29)

The power transmitted through the resonator is depicted in Figure

[2.6] which also shows the linewidth vy, defined as Full-Width-Half-
Maximum (FWHM) of the transmitted intensity:

v 2]
utrans(i%)‘ - Elmax (230)

The linewidth v can be calculated via the round trip gain g,¢:

1—
VLW = VFSR <T[ srt) ) (2.31)
Tt

Another important quantity used to characterize optical resonator is
the Finesse F, which is the ratio of free spectral range and linewidth.

g — YFSR _ TV 9rt . (2.32)
viw 1 —grt

It will be useful to express the optical transmission of the in-coupling
mirror My and the out-coupling mirror M, as well as the resonator
internal losses in the delta notation. With the power reflectivities Rj:

T=R=e dinl-3, (2.33)
and the resonator internal losses are defined as &y = 4opl. With
the help of the delta notation, the linewidth and the Finesse can be
rewritten as @]

52+ 00+
Viw = VFsR——so L 2:{ ] (2.34)
2m
F=—— 2.35
02 4+ 60 + 67 ( )
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Figure 2.6: Normalized transmitted power of a lossless, impedance matched, opti-
cal Resonator. The FWHM of the transmitted power is defined as linewidth vi W.
The optical frequencies are normalized by the full spectral range Vesg.

2.5.2 Frequency stabilization

To be able to transmit a laser bream through an optical resonator
and use it as passive filter for power fluctuations, the laser frequency
needs to be stabilized to the resonance frequency of the resonator.
This is usually achieved with a dedicated frequency stabilization feed-
back control loop actuating either on the laser frequency or the res-
onator length@ Effectively the control loop minimizes the difference
between the laser frequency v and the resonance frequency vq of the
resonator to [v —vq| = 0.

The situation in which resonator length and laser frequency are stabi-
lized to each other is often times referred to as the laser being locked
to the resonator and vice versa.

Several different techniques have been developed to create an error
signal for laser frequency stabilization between a laser and an optical

5Different parameters determine whether to actuate on the length of the resonator
or the frequency of the laser. If for example a reduction of absolute laser
frequency noise is desired, the laser frequency should be stabilized to a so
called reference cavity with sufficient length stability.
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Figure 2.7: Bode diagram of the filter function of an optical resonator with respect
to amplitude and power fluctuations showing the exact transfer function and the
low-pass approximation

resonator @@]

A widely used technique is the so called Pound-Drever-Hall (PDH)
locking method, which relies on RF-phase modulations sidebands im-
printed on the light incident to the resonator @, @] If the carrier is
exactly resonant, the phase modulations can not be detected with a
photodiode placed in reflection of the resonator. However, for a slight
frequency offset between carrier and resonance frequency, a fraction
of the phase modulation sidebands is converted into RF-amplitude
modulation sidebands, which can be detected with a fast photodiode
and, if demodulated correctly, results in the desired error signal.

2.5.3 Filter properties of the optical resonator

The filtering capabilities of the optical resonator become already ob-
vious when looking at the transmitted optical power for different fre-
quencies. To mathematically describe the filtering for power fluctua-
tions, it is assumed that the laser frequency is locked to the resonator
length.

An amplitude modulated laser beam can be described according to
Eq. 213l The sideband components now undergo a different filtering
than the carrier field, because their wavelength does not fit perfectly
to the resonator length and therefore the sidebands are attenuated.

18



2.5 Passive laser power stabilization

An analytical way to describe this filtering is found by calculating the
resonator filter function h(f), which is the ratio of the carrier field
Uy (0) inside the resonator and the sidebands inside the resonator
Uy (f) = Uj(—f). We will furthermore assume the lossless case with
r. = 1 and equal mirror reflectivities 11 =1, = .

U, (f 1—12
nep) = i) _ LN (2.36)
U, (O) 1— T.26712711"7
1
~o— 2.37
1+it (2:37)
0

This approximation is done by expanding the exponential function for
small frequencies and with the assumption that r ~ 1 @, @] The
resonator corner frequency fo marks the 3 dB attenuation point:

1—1? _ YFSR __ ViLw ) (238)

22 T 25 T2

The filter effect of the cavity is depicted in Figure 2.7, which shows
the exact solution (Equation [2.36]) and the low pass approximations
(Equation [2.37)). Sending a laser through an optical resonator there-
fore passively reduces the amplitude fluctuations for frequencies out-
side the resonator linewidth. Optical resonators are therefore often
used to suppress laser noise at radio frequencies. A drawback of opti-
cal resonators is the lack of noise suppression at frequencies below or
comparable to the corner frequency fy.

fo = Visr

2.5.4 Impedance matching

The impedance matching is defined as the reduction of the carrier
field in reflection of a stabilized resonator and can be calculated by
evaluating Equation [2.28] at the resonance frequency (/v —vq|=0).

_ Wen(0) 1 —more
uinc(o) 1 — TTr2TL '

(2.39)

Equation [2.39] can be rewritten into a more intuitive formula for the
impedance matching, using the delta notation.
. 2 + 60 — O
8, +80+0871
This equation allows for an easy understanding of the impedance
matching, which can have three different states.

(2.40)
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e (a=0, impedance matched, 86, + 8o = 81):
The directly reflected field and the leakage field from the in-
side of the resonator have the same amplitude and therefore the
resulting field vanishes.

e (a>0, under-coupled, 8, + 8¢ > 81):
The directly reflected field is larger than the leakage field from
the inside of the resonator. The phase of the resulting carrier
component is the same as for the incoming field.

e (a<0, over-coupled, 82 + 80 < 871):
The directly reflected field is smaller than the leakage field from
the inside of the resonator. The resulting carrier component has
a 180° phase flip compared to the input carrier field, which is
indicated by the negative sign of a.

The impedance matching will become an important parameter for the
Optical AC Coupling technique introduced in Chapter [3l

2.5.5 Mode matching

Another important parameter attributed to optical resonators is the
mode matching between the incoming beam and the fundamental res-
onator mode. The fundamental mode of the resonator is typically
defined by the radii of curvature of the mirrors and the mirror sepa-
ration.

A laser beam is referred to as being mode matched to an optical res-
onator, a perfect spatial overlap to the fundamental Eigenmode of the
resonator can be achieved, which means it can be coupled completely
to the fundamental mode of the resonator@]. For a purely funda-
mental Gaussian beam incident to the resonator this requires perfect
alignment and perfect positioning of the beam waist with respect to
the beam waist of the resonator, as well as a perfect resemblance
of the waist radiudl. Mode matching of a laser beam to an optical
resonator mostly refers to the optimization of both, alignment and
waist position/size. However, sometimes mode matching is used ex-
clusively for the fitting of the beam waist of the laser to the resonator.

If a laser beam is not a pure fundamental Gaussian beam, but consists of higher
order spatial modes, it can not be coupled completely to the fundamental mode
of the resonator, unless the resonator has the so called confocal configuration.
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Figure 2.8: Active amplitude stabilization scheme, the incoming optical power Py
is split up by a beam splitter with power reflectivity R. The in-loop beam is detected
with PDy and converted into a voltage Vin, which is compared to a stable reference
voltage Vyer to create an error signal Verror. This error signal is conditioned for
stable loop operation in the servo and fed back to an actuator. The out-of-loop
beam is measured with PDgo; for te stabilized and un-stabilized case.

2.6 Active laser power stabilization

A superior method to achieve power noise suppression at low frequen-
cies is provided by active power stabilization schemes.

The principle of active power stabilization is shown in Figl2.8l A por-
tion of the light is separated with a beam splitter (power reflectivity
R) from the main laser beam and its power fluctuations are detected
with a photo detector PDy referred to as in-loop detector. The photo
detector converts the optical power into an electrical signal V1, which
is compared to a very stable electrical reference voltage Vie¢. In this
way, an error signal Verror is created and conditioned by a so called
servo, to allow for a stable loop operation @] Finally, the signal is
fed back to an actuator which counteracts and thereby reduces the
laser power noise, which is detected with the in-loop detector.

2.6.1 In-loop and out-of-loop measurements

In this way it is possible to achieve a very high noise suppression at
low frequencies, compared to passive stabilization schemes. However,
the performance of an active stabilization schemes can be degraded
by sensor noiseﬂﬁ].

Each noise source arising in the error signal used for the feedback
control loop, but which is not caused by actual power fluctuations of
the laser beam, which is supposed to get stabilized, will be referred to
as sensor noise.
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2 Laser power stabilization

In the case of a power stabilization feedback control loop, sensor noise
can arise due to several effects:

e FExcept the internal laser noise sources, every noise source dis-
cussed in Section 2.4.2] can produce additional power noise on
the beam, which is detected with the in-loop-sensor of the feed-
back control loop.

e In addition to already discussed electronic noise sources, fluc-
tuations of the reference voltage used to create the error signal
can produce electronic sensor noise ﬂﬂ]

e Since the power of the laser beam incident to the in-loop de-
tector, is reduced compared to the power incident to the beam-
splitter Pin, its relative shot noise is higher than on the original
beam. Therefore, shot noise is a fundamental additional sensor
noise source for every active power stabilization scheme.

Since the feedback control loop will try to counter-act the sensor noise
it can, in a worst case scenario, produce an increased out-of-loop laser
power noise.

It is therefore crucial to reduce any excess sensor noise such that it
is not limiting the performance of the control loop. Therefore, the
ultimate goal for every classical active power stabilization feedback
loop is to be limited by the shot noise of the in-loop detector, which
depends purely on the total amount of detected optical power. The
fundamental shot noise limited stability for a classical active stabi-
lization scheme is calculated with respect to the shot noise levels of
the beam incident to the in-loop detector and the shot noise level of
the out-of-loop beam. Both shot noise levels are connected by the re-
flectivity R of the beam splitter, which is used to separate the in-loop
beam from the out-of-loop beam. The out-of-loop relative shot noise
for an the un-stabilized beam (loop not closed) is given by:

2hc

7]3“\]}\(] R (2.41)

SNoor =

while the in-loop beam has a relative shot noise of SNy :

2hc
SN = . 2.42
=g (242)
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Figure 2.9: Fundamental shot noise limit of traditional active laser power stabiliza-
tion feedback SNgiqp and in-loop and out-of-loop relative shot noise levels SNy
and SNpoL normalized by the relative shot noise of the initial beam SNyy.

The shot noise of the in-loop and out-of-loop beam are depicted in
Figure 2.9] which shows SNir, SNoor and the relative power noise
of the stabilized out-of-loop beam for infinite loop gain, normalized
with the relative shot noise level of the initial beam SNyy.

The shot noise limited relative out-of-loop stability for the stabilized
case SNgiqp is calculated as the uncorrelated sum of both shot noise
levels, according tol3:

SNgrab = 1/ (SNoor)? + (SN )2

_ 2hc n 2hc

~ \/ PINAR  PINA(T—R) (2.43)
2hc

R(1 —R)PInA -

To understand the stabilized relative power noise it is crucial to remind
that the active power stabilization feedback control loop will try to
counteract the relative shot noise of the in-loop beam. For small
reflectivities the relative shot noise of the in-loop beam is significantly
higher than the shot noise level of the out-of loop-beam. If the loop
is closed, the shot noise of the in-loop beam will be imprinted on the
out-of-loop beam.

8Which assumes the shot noise of the in-loop beam and the out-of-loop beam to
be uncorrelated
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In the situation where R =~ 1 the relative shot noise of the in-loop
beam is significantly smaller than the relative out-of-loop shot noise.
Even though, the feedback control loop can now measure and suppress
the technical laser noise to its own shot noise limit, the out of loop
beam will be limited by its own relative shot noise in this situation.
The best out-of-loop performance can be achieved by choosing R =
0.5, which results in an out-of-loop stability which is 6 dB above the
relative shot noise of the incoming beam.

However, detecting 50 % of the optical power of the initial beam is not
desired in many cases. This can be either because it is not desired to
lose so much power just for stabilization purposes, or in the case of
high power laser systems the power would simply be to much to be
handled by the photo detectors.

This is why in many experiments the beam splitter ratio is chosen to
be significantly smaller than R = 0.5 and most stabilization schemes
are limited by the shot noise of the in-loop detector.

2.7 State of the art laser power stabilization

The second generation of gravitational wave detectors required a rela-
tive power stability of 2.0 - 1077 Hz~1/2 at 10 Hz for the light injected
into the interferometer @]
Triggered by these high demands research development of power stabi-
ﬁaﬁn feedback control loops became a very active field of research@,
[,
A major obstacle in reaching the required performance was the devel-
opment of a sensor with sufficiently low sensor noise which was capable
of detecting the photocurrent of ip = 100 mA, which is necessary to
have sufficiently low relative shot noise. Current noise in resistor and
noise of the InGaAs photodiodes used for the power detection were
identified to produce low frequency excess noise, which scaled with
the detected photocurrentﬂﬁ].
Finally, the required stability was demonstrated for the first time in
2009 with a photodiode array, consisting of 8 photodiodes, which de-
tected a total photocurrent of 400 mA ﬂE] Four photodiodes each
were used for in-loop detection and an independent out-of-loop mea-
surement, reducing the photocurrent detected with each photodiode
to 50 mA.
It is still a topic of research how much more photocurrent per photo-
diode might be detectable due to better photodiode manufacturing,

24



2.7 State of the art laser power stabilization

since especially the low frequency excess noise of photodiodes is still
not fully understood. However, at some point the limit for a single
photodiode will be reached and a further improvement will only be
possible by further scaling the number of photodiodes used for detec-
tion. This approach will rather quickly become increasingly complex,
due to the scaling of the relative shot noise, which only decreases with
the square root of the detected optical power.

Therefore, other novel techniques for laser power stabilization were
proposed and tested, amongst them the Optical AC coupling tech-
nique, which is introduced in the next chapter.
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Chapter 3

Optical AC coupling

As discussed in the previous section a high amount of optical power
has to be detected to reduce the shot noise limit of a classical active
power stabilization control loop. This will become one of the major
obstacles in reaching relative power stabilities far beyond a stability
of 20107 Hz /2.

Optical AC coupling (OAC) is a novel approach for laser power sta-
bilization, which allows to reduce the optical power on the in-loop
detector of an active power stabilization scheme, without loosing shot
noise limited sensitivity to relative power fluctuations of the beam ﬂﬁ]
As introduced in Section an optical resonator acts as a low-pass
filter for transmitted laser power fluctuations. Vice versa, it acts as
a high-pass filter for the light reflected from the resonator. This can
be exploited to increase the ratio of relative technical noise to relative
shot noise on a photodetector, placed in reflection of the resonator.
Figure [3.1] illustrates the basic idea of OAC in the sideband picture,
which was introduced in Section 2.3l The laser, which is locked
to the resonance frequency of the resonator, consists of its carrier
component and a white noise floor of technical amplitude noise. Fur-
thermore, the beam is assumed to be perfectly mode matched to the
fundamental mode of the resonator.

Depending on the input mirror reflectivity a fraction of the light is
directly reflected, while a small fraction of the light is transmitted
into the resonator. Inside the resonator only the carrier component
and the noise sidebands within the resonator linewidth are resonantly
enhanced (see Section [2.5.1)) and therefore the intra-cavity field looks
like a low-pass filtered version of the incoming field.

A fraction of the intra-cavity field leaks out in transmission of the res-
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Figure 3.1: Optical AC Coupling illustration in the sideband picture. The input
field of the resonator consists of the carrier and a white noise floor. The carrier and
the noise sidebands within the linewidth of the resonator, are resonantly enhanced
inside of the resonator. A portion of the intra-cavity field leaks into transmission
and another portion into the reflection port of the resonator. The field in reflec-
tion is composed of the field directly reflected at the input mirror and the field
leaking out of the cavity into the reflection port. The resulting reflected field has a
reduced carrier and reduced noise sidebands within the resonator linewidth, while
the noise sidebands outside the linewidth are preserved at their original height.
The impedance matching determines the phase relation between carrier compo-
nent and noise sidebands in reflection of the resonator (Reproduced from @] ©
IOP Publishing Ltd. CC BY 3.0.).
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onator and, for the understanding of the OAC concept more impor-
tantly, into the reflection port of the resonator. Hence, the reflected
electrical field is a superposition of the directly reflected field and the
leakage field coming from the inside of the optical resonator.

This superposition of the two field contributions leads to an attenu-
ation of the carrier component and a frequency dependent attenua-
tion of the noise sidebands. Inside the resonator linewidth the noise
sidebands are attenuated in the same way as the carrier component.
However, the noise sidebands outside the resonator linewidth are pre-
served at their original height, since they originate from the direct
reflection at the input mirror of the resonator.

This is the essential trick of Optical AC coupling; the amount of DC
power on the detector is reduced, but for frequencies outside the res-
onator linewidth the signal, containing the information for the power
stabilization sensor, is preserved at its original height.

A detector in reflection of the resonator therefore can achieve a shot
noise limited sensitivity equivalent to the detection of the full opti-
cal power incident to the resonator, while the actual optical power
on the detector is significantly reduced. The increase in sensitivity is
maximized for frequencies outside of the resonator linewidth, however,
even for smaller frequencies an increased sensitivity is achieved.

It turns out that for a perfectly mode matched resonator the enhance-
ment, which can be achieved with OAC does solely depend on the
impedance matching a, which was defined in Section [3.1]

Especially for the experiments performed in the scope of this thesis,
the influence of imperfect mode matching could not be neglected and
will therefore be discussed with respect to the achievable Optical AC
coupling gain in Section A parameter optimization, necessary to
achieve the maximum gain for a certain mode matching, is presented
in Section [3.3]

Optical AC coupling is a possible means by which the limitations of a
classical active power stabilization scheme can be overcome. However,
initial experiments demonstrated that the resonator itself can produce
excess power noise in reflection of the resonator, which degrades the
out of loop performance of an OAC based power stabilization feedback
control loop@].

The most important noise couplings which can be induced by the
OAC resonator, are discussed in Section Especially the conver-
sion from incident frequency noise to power noise in reflection of the
OAC resonator is extended, compared to previous estimatesﬂﬂ], to
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take account for the imperfect mode matching situation.

3.1 OAC Transfer function

The resonator can be described by an analytic transfer function h(f)
(see Section [2.5)) which will be used to calculate a transfer function
from relative power modulations incident to the resonator to rela-
tive power modulations in reflection of the resonator. This transfer
function will be referred to as Optical AC coupling transfer function
ﬂﬂ, @, @, @] The incoming laser light field U;,, has an amplitude
Uy and is amplitude modulated at frequency 27tf with a modulation
coefficient m.

Ui (f) = Up (1 4+ m cos(27tft))

= Up (1+ Zeimrt I

—2imft
5 5 e ) (3.1)

This is equivalent to an input power Pin (f) = Uin (f) - UL, (f),

Pin(f) = U3(1 + 2mcos(27ft))

= U +2mUj cos(2nft) (3.2)
~—~—~
Pin,DC Pin,Ac

and therefore the relative power noise of the incoming beam RP;y, (f)
can be denoted as:

Pin, ac(f)

RPin () = 225
in,

= 2m cos(2mtft). (3.3)

The field inside the cavity impinging on the input mirror My is given

b:
r—a

Ueaqo(f) = - Uy (14 h(f)Ber ™ 4 h(—f)Te 217 (3.4)

where a is the impedance matching of the resonator and (r,t) are
the amplitude reflectivity/transmissivity of the input mirror of the
resonator. The field in reflection of the cavity is given as superposition

LA close comparison to Eq. 223 228 and shows that this is yet another
approximation, since a small phase-difference accumulated by the sidebands
in one round-trip compared to the carrier is neglected, which can be done for
frequencies significantly smaller than the free spectral range f << Vgsg
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3.1 OAC Transfer function

of the directly reflected field contribution and the leakage field from
inside of the cavity:
ureﬂ(f) =T uin —t- ucav (3-5)
= allp + [r— (r — a) h(f) [UpJe*™*
+r—(r— a)h(—f)]uo%(f2i7tft (3.6)

The reflected power Prery = Uyery - Ul 4, for 7 = 1, can be denoted
as:

Prent(f) = a®Ug+all — (1~ a) h(f) JUfme*""
K. ()

+all — (1 —a)h(—f)] u(z)mefZim“t (3.7)
K_(f)

The complex coefficients K, (f) and K_(f) are the complex conjugate
of each other. With K, (f) = (K_(f))* = K(f) the power in reflection
Prer1(f) can be rephrased as:

Prert(f) = a?U3 +2m[K(f)|U3 cos(2mtft + Arg[K(f)])  (3.8)
W—/ ~~
Pref,DC Prefl,AC

The magnitude of K(f) given by:

1+ g% 2/f3
K(f)| = a? /—] e 0 (3.9)

The parameter g will be referred to as the Optical AC coupling gain
factor and is inversely proportional to the impedance matching a, in
the situation of perfect mode matching:

9= (3.10)

The relative power fluctuation of the reflected beam RPye¢(f) is de-
fined as:

P, f) 2
RPy e () = Prefuac(f) K (6] cos(2mft + Arg[K(f)]). (3.11)
Prefl,DC a T
K

We define the Optical AC coupling transfer function Goac(f) as:

IRPrer1 () [1+g2-42/¢2
G f) = ipren [ 1H97T7/15 Lik(f) 3.12
oac(f) IRPy, (F)] € 112762 € (3.12)
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The OAC transfer function allows to estimate how an incoming rela-
tive power fluctuation RP;,, is converted by the resonator into a the
relative power fluctuation RP¢f in its reflection.

The shot noise limited sensitivity of a classical detector for relative
power noise at the detector is given by Eq2.16l For a photodetector
that is placed in reflection of an optical resonator and detects a pho-
tocurrent ip, this sensitivity depends additionally on the magnitude
of the OAC transfer function Ggoa c(f) ﬂﬁ]

1 2e

= Gonc® | 1o (3.13)

soac(f)

Therefore, an power stabilization using an OAC based detector, can
reach a better shot noise limited out-of-loop performance compared to
a classical power stabilization setup if both setups detected the same
photocurrent

A Bode diagram of the Optical AC coupling transfer function for
an under-coupled and over-coupled resonator is shown in Figure [3.21
For frequencies far below the corner frequency fo the gain factor is
1 because the sidebands and the carrier both get attenuated by the
same amount. With higher frequencies the gain starts to increase
until it settles at |g| for frequencies far above fo. With respect to the
magnitude, the OAC transfer functions of both impedance matchings
are completely the same. However, they have a different behavior
with respect to their phase. While the phase of the under-coupled
transfer function goes to 0° for high frequencies, in the over-coupled
situation the phase acquires a phase flip of 180°. This is because
the noise sidebands outside the resonator linewidth and the resulting
carrier component of the reflected field have exactly this phase flip
with respect to each other.

3.2 Imperfect mode matching

The situation becomes more difficult if the input laser beam consists
of resonant and non-resonant laser modes, such as higher order spa-
tial modes or RF-modulation sidebands. A calculation of the transfer
function has to account for these non-resonant modes. We will dis-
tinguish between the resonant part Uy and non-resonant modes Uy,
which are connected by optical power Py and the mode matching co-
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Figure 3.2: OAC transfer function Gpac (f) from relative power modulations on the
incoming beam to relative power modulations in reflection of a cavity for under-
and over-coupled impedance matching. fy is the corner frequency of the resonator
and g is the Optical AC coupling gain factor

efficient p:
Po =U3J +U? (3.14)
U3 = (1—p)Po (3.15)
u? = pPy (3.16)

The input field is then denoted as:

Uin (f) = (Uo + Uy) (T4 m cos(2mft)) (3.17)
= (Uop+Uy) (1+ Jret™M 4 et (3.18)

and after normalization of the total optical power Py = 1, the power
modulation Pi, (f) can be expressed as:

Pin(f) = \1/ + &TI)/ cos(2mft) (3.19)

Pin,bc  Pin,Ac

Following the analysis in Section [B.Il the reflected field U,cs; can
be expressed as the sum of the directly reflected field and the cavity
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leakage field:

urefl(f) =1 Uin —t- Ucay (320)
=1-(Ug+Ujp)-(1+ %eZiﬂft + %efZinft)
—(r—a)-Uo- (14 h(f)Ze? ™ + h(—f) Qe 2M)
= aly + rUy
+[(r = (r=a) h(f) ))Uo + ;] 2™
+[(r— (r— a)h(—F)Up + rU; | Gre 27t

The reflected optical power can be calculated for 1 =~ 1 as Pyef; =
Urerr - Ubep:

Prert(f) = a®U§+ U7 (3.21)
+[a(1— (1 —a) h(f) U + Uj] me?i7ft
J+(f)
+ [a(1— (1 — a)h(—f))UG + UF] me 271
J-(f)

Analog to the case of perfect mode matching, the complex sideband
coefficients are complex conjugates of each other and therefore Prqf1
can be denoted as:

Prert(f) = (a*(1—p) +p)+2m[J(f)| cos(2nft + Arg[J(f)]))
Prefi,DC Prefl,AC 1(f)
(3.22)

The resulting magnitude of Goac(f) can be reduced to exactly the
same form as for the mode matched case:

2. 12/¢2
Goacl(f) = \/1 lotap)l” /6 i (3.23)

1+ 2/f5

The only difference to Eql3.12] is the the definition of the Optical
AC coupling gain factor g(a,p), which now depends on impedance
matching a and the mode matching coefficient p:

a(l—p)+p

20 =p s (3.24)

gla,p) =
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Figure 3.3: The OAC gain factor gi(a), for specific values of the mode matching
coefficient pi, in dependence of the impedance matching a. In grey you can see
E(a) which is the locus of the maximum points M;" and M[ .

3.3 OAC gain optimization

For imperfect mode matching p > 0, the Optical AC coupling gain
factor g(a,p) is a non-linear function of a and p, which can be opti-
mized.

To develop an understanding of the influence of a and p on the magni-
tude of the OAC gain factor, |g(a,pi)| is illustrated in the logarithmic
dB scale for different fixed mode matching coefficients p; in Figure
3.3

For a fixed mode matching coefficient p; the OAC gain factor solely
depends on the impedance matching a and therefore becomes gi(a) =
g(a,pi).

Following the curves in Figure[3.3] starting at the under-coupled right
side (a = 1), the gain increases for every mode matching coefficient
until it reaches a maximum Mf = |91(Cli+)|-

Going towards smaller impedance matching values the gain decreases
to [gi(0)] =1 (0dB) at a =0.

The gain decreases even further (this means it becomes an attenua-
tion) until it becomes |gi(af)| =0 at af = Efj—], which corresponds to
a pole in the logarithmic scale. This point is not reached for p; > 0.5
since this would require a < —1 and this is not allowed.

For p; < 0.5 the curves gi(a) start to increase again for a < af and
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for p; < 1/4 another local maximum M = |gi(a; )| is reached.
However for 1/4 > p; > 1/9, the maximum M is still an attenua-
tion M < 1 (0dB). This means to make efficient use of the OAC
technique in an over-coupled situation, the mode matching has to be
better than pg = 1/9. Note that Mf stays above 0 dB for every pos-
sible mode matching coefficient p;.

The impedance matchings af and a; which maximize [gi(a)| for a
certain mode matching coefficient are calculated as the zero crossings
of the derivative of |g;(a)| with respect to a.

d !
Tolgila)l = 0 (3.25)
Sap = PVPE g gp = BEEVRE (50
pi—1 pi—1

The magnitude of these two maximum values Mj and M is calcu-
lated as:

T
My =gt = 3y WD (3.27)
1)’
M;zlfﬁ(a{)lz% 7(\/13_1)_ ) (3.28)

Note that M{ is a smaller than Mf , which will be explained later.

Solving a™ (p) and a™ (p) for p delivers additional information.

The two values p™ and p~ specify which mode matching coefficients
maximize the gain for a given impedance matching a and therefore
. _ (a)?
give the locus E(a) = g(a, w12

in Figure [3.3
Remember two important characteristics of this figure:

) = 21—a of the two maximum values

e The magnitude reaches two local maximum values, Mf for posi-
tive impedance matching and M for negative impedance match-
ing.

e In the over-coupled situation (a < 0) a mode matching coef-
ficient better than po = 1/9 is required to make efficient use
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resulting resonant reflected field

under-coupled

non-resonant
reflected field
+ A

FEfrTifrTet

Figure 3.4: Field contributions in reflection of the OAC resonator for imperfect
mode matching.in reflection of the optical resonator consists of the resulting res-
onant field contribution non-resonant field contributions in reflections of an OAC
resonator

of the OAC technique. However, this requires an exact tuning
of the impedance matching a to a parameter region, in which
amplification |g| > 0 dB is achieved.

To understand the difference between the over-coupled and under-
coupled side of Figure B.3], it is important to have a look at the field
contributions in reflection of the OAC resonator in the presence of
non-resonant mode content, see Figure B3.41

The non-resonant mode content p, is completely reflected at the in-
coupling mirror of the resonator and therefore contributes a carrier
component, as well as attributed noise sidebands.

Since they are not affected by the resonator, the non-resonant side-
bands stay at the same relative level compared to their carrier.
Conversely, the resonant contribution of the field is subject to the OAC
transfer function. In addition to the attenuation, the noise sidebands
acquire a frequency dependent phase shift compared to the resonant
carrier.

This is illustrated by looking at defined amplitude modulations, in
Figure 3.4l In the under-coupled situation, this phase-shift is only
significant for frequencies in between fo/|g| and fp. As a result the
noise sidebands above the corner frequency are in phase with the car-
rier.

In the over-coupled situation the phase shift at high frequencies is
180°, which means carrier and sidebands are exactly out of phase and
a power increase incident to the OAC resonator looks like a power
decrease in reflection of the resonator.

37

Chapter 3



3 Optical AC coupling

The power noise in reflection of the OAC resonator is the sum of the
beats between the carrier and the noise sideband of the resonant and
the non-resonant contribution.

Since the resonant power noise contribution is 180° phase shifted to
the non-resonant contribution, they can cancel each other out for cer-
tain parameter combinations of a and p.

Hence, as soon as the beat between the reflected resonant carrier with
its noise sidebands, becomes comparable to the beat between the non-
resonant carrier and its sidebands, the OAC gain factor is reduced.
Figure [3.3] shows, that also for the under-coupled situation a higher
non-resonant mode content results into a reduced OAC gain factor.
However, in this situation this is simply explained with a reduced
resonant mode content, which is getting smaller than the classically
attenuated non-resonant mode content. Therefore, the minimum gain
in the under-coupled situation is limited to of 0 dB.

3.4 Estimation of a and p from DC reduction and
OAC gain

It is possible to estimate a and p from independent measurements of
the DC reduction ((a,p)Pin,pc = Prefi,pc (see Equation [3.22)) and
the OAC gain factor g(a,p).

C=a*(1—p)+p (3-30)
_a(l=p)+p
9= 0 -p rp (3.31)

To estimate a((, g), Eq. B.30] is solved for p, which is then inserted
into [3.31l Now we solve this for a and get the impedance matching
in dependence of the carrier reduction ¢ and OAC gain factor g.

¢C—gC

a(C)Q): gc_]

(3.32)

In a similar fashion we can develop p((, g): Solve eq3.30] for a, insert
into [3.31] and solve for p.

¢(g?Cc—1)

— 3.33
290—1—¢ (3:33)

p(G9)
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These equations are useful to characterize a system with respect to
mode matching coefficient p and a and were used for the estimates
presented in Chapter [

3.5 Noise couplings

The basic implementation of Optical AC coupling in an active power
stabilization is illustrated in Figure The assembly consisting of
the OAC resonator and the photodetector will be referred to as OAC
detector.

To make efficient use of the enhanced shot noise limited sensitivity of
the OAC detector, it is essential avoid the introduction of additional
power fluctuations imposed by the OAC resonator. However different
coupling mechanisms exist, which can produce excess power noise in
reflection of an optical resonator. Noise, which is generated by the
OAC resonator, is a new category of sensor noise, which will be re-
ferred to as OAC sensor noise throughout this thesis.

A short discussion of the major OAC sensor noise sources found in
earlier experiments will be presented in the following section. The
model of laser frequency noise coupling into power noise in reflection
of the OAC resonator, presented in ,%6?4]], will be extended in section
[3.5.1 to include the effects of imperfect mode matching and allow for
arbitrary impedance matchings. The influence of mode fluctuations is
discussed in section [3.5.2] while resonator internal scattering is shortly
reviewed in Section 3.5.3]

3.5.1 Frequency noise

The laser frequency is stabilized to the resonator resonance frequency.
However, small frequency deviations will remain due to sensor noise
and the limited noise suppression of a feedback control loop.

These remaining frequency fluctuations are converted by the resonator
into power fluctuations, depending on the average frequency offset Af
with respect to the resonance frequency ﬂﬁ, @] In the rotating frame,
introduced in section 2.3 a frequency modulation F = —mgsin(27ft),
at frequency f with a modulation coefficient mg, can be approximated
as a phase modulation with modulation coefficient m = mg/f, for
small modulations mg @, @]
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Figure 3.5: In an OAC based power stabilization scheme, the OAC detector, com-
prised by a photodetector and the OAC resonator, is used as the in-loop detector of
the active control scheme. OAC sensor noise can couple into the system, whenever
additional power noise is created by the OAC resonator

Uin (f) = (Up + Uy ) exp(imcos(27tft)) (3.34)

which can be expanded with Bessel function up to first order:

U (F) ~ (U +U;) (1+ i%eﬁ“ft + i%e*ﬁ“ft) (3.35)

where Up and Uy again represent the resonant and non-resonant mode
content introduced in Section Since the non-resonant mode con-
tent does not enter the resonator, the resonator internal field U g, is
given by:

‘r J—

uCClV(f) ~ t

o (h(Af) + h(f + Af) i% ei2mft (3.36)

Fh(—f 4+ Af) i Zet2nf t)
2
The reflected field U, can be denoted as :
ureﬂ(f) =T- uin -t ucav
. ) N ot T 2t
=1-(Uo+U) <]+12€ +12€ )
—(r—a) U (h(Af) +h(f + Af) i%eizmct

+h(—f + Af) i% e M) (3.37)
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For small offset Af <« fy the approximations

1 Af
hAf) = —— ~1—i2) 3.38
(AD) = T A Yo (3.38)

h(Af + ) = h(f) — [h(f)]* - T (3.39)

can be used to rewrite equation B.37], for r = 1:

urefl(ﬂ = u] : (] + i%eum‘t + i%e—icht) (3.40)

+uo[(1—(1—a)(1—if—;>>

+ (1= (1—an(af+1) )iTel

+ (1= (1= an(af—n)iTre 2]

To estimate the relative power fluctuations, which are produced by
the conversion from frequency modulation, the power P,.¢1 needs to
be calculated.

Prer(f) = UT + U3 (a2 + (1 —a)? (?—;>Z> (3.41)
+ U(Z)U — G)g [] — (1 —a)h(f) — a|h(f]|2:| meiznft
0
w0 —a)s 1= (1= Qh(—f) — alh(~f) |me~27")
fo

The complex sideband coefficients Cg(f) and Cg(—f) are defined as:

Cr(fya) =1— (1 —a)h(f) — a/h(f)? (3.42)
Cr(—f,a) =1— (1 — a)h(—f) — alh(-F)

It is straightforward to show |C¢(f, a)| = |Cg(—f, a)| and Arg[Cg(f,a)] =
—Arg[Cg(—f, a)], which allows Prcf1 to be simplified:

Prent(f) = Ui + U(a® + (1 - )? (f—:)z) (3.43)

Af
+ U3 — a)f—2m|CF(f, a)| cos(2mt + Arg[Cr(f, a)])
0
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Analogous to the derivation of the OAC transfer function the AC
components, Prefi A c have to be normalized with the DC components

Prefl,DC
AT
2m(1—p)(1 — Q)E|CF(f» a)|
Af\ 2
=)

[RPrer(f)] = (3.44)

p+(1—p)(a?+(1-a2(
(3.45)

The transfer function from frequency modulation F to relative power
fluctuation in reflection of the resonator RP;¢¢ is found as:

_ |RPreﬂ| _ |RPreﬂ|

NEg(f)
s m-f

(3.46)
Conversion of frequency noise into power noise can therefore be re-
duced by either minimizing the offset of the frequency stabilization
feedback control loop, or by reducing the remaining frequency noise
between laser and resonator with a high bandwidth control loop.

Effect on the out of loop performance

If the OAC sensor is used in a power stabilization feedback control
loop, the out of loop noise power noise Nf o501, created by the fre-
quency noise conversion has to be calculated with respect to the spe-
cific stabilization scheme and the OAC transfer function Goa c |4 For
the topology used in this thesis Nf 401 is given by:

__ Ne(f)
Goacl(f)

The transfer function N¢(f,p, a,Af) and the Gpoac(f,a,p) both de-
pend on the mode matching coefficient p and the impedance matching
a.

As demonstrated in Section [3.3] for every possible mode matching co-
efficient p; an optimal impedance matching a®™ can be found to max-
imize the OAC gain factor g. It turns out that this optimization is
not optimal with respect to the coupling of frequency noise into out
of loop power noise of the OAC based control loop N 401 (f, p, a, Af).

NF,ool(f) (347)

2For an overview of the different OAC power stabilization topologies, the reader

is kindly referred to [21, [2].
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Figure 3.6: Out of loop frequency noise conversion for a fixed frequency offset
Af =0.005f, at two different frequencies f = 10fy (solid) and f = 0.01f, (dashed).

This can be illustrated by looking at N oo1(f,p, a, Af) for different
sets of fixed parameters (fyi, ai, Af;), see Figure 3.0)).

The frequency offset for each plot is chosen as Af = 0.005fy, while
solid lines are for fixed frequency f; = 10fy, dashed lines are for
f, = 0.01fg. The most important difference between the curves is
found in the impedance matchings, which are chosen to be ratios of
the optimized impedance matching a®™. The curve for impedance
matching at therefore represents the OOL conversion for an opti-
mized impedance matching, while other values indicate that the OAC
gain would not be maximized for the specific mode matching coeffi-
cient p.

For both frequencies the coupling increases with smaller impedance
matching values. This means operating at an impedance matching
smaller than the optimized value a™ not only results in less OAC gain,
but also increases the noise coupling. However, working at larger im-
pedance matching values than at can be beneficial if the out of loop
performance is limited by this conversion effect.

3.5.2 Mode fluctuations

If power from the fundamental mode is transferred to another laser
mode, this is referred to as mode fluctuation. A potential candidate
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for mode fluctuations like this is beam pointing, which can reduce
the power coupled into the resonator. Another example are polariza-
tion fluctuations of the incoming beam, which would also reduce the
optical power coupled into the resonator. Finally varying modula-
tion strength of imprinted RF-modulations can would induce a power
transfer between carrier and sidebands.
Generally these kind of coupling can be described by an input field
as:
u B Uy |

in(f) =Up(1 — m|u—o|cos(27rft)) + U; (1 4+ mcos(2nft)) (3.48)
The transfer function Np(f) of mode fluctuations to relative power
noise in reflection of the resonator, was derived for small modulations
m and high Finesse resonators (r ~ 1) in @] to:

P
Nm(f) = 5=———— INm ()] =1. 3.49
a?(1—p)+p (3.49)
The relative out of loop power noise imprinted by this sensing noise
source is found analog to Section [3.5.1¢

N (f)

N oo = =
Moot (f) Goacl(f)

Nm(F)] = 1. (3.50)

3.5.3 Resonator internal scattering

Resonator-internal scattering processes have been found to be one of
the major noise sources in previous Optical AC coupling experiments.
A numerical time domain model with multiple optical modes was de-
veloped to describe the observed effects ﬂﬁ]

Scattering can couple only to resonant modes of the optical resonator.
This can be either higher order spatial modes or, in the case of
three mirror resonators, the counter-circulating fundamental mode
@] Scattering into higher order spatial modes can be suppressed
with a resonator internal aperture which introduces higher losses for
these modes than for the fundamental mode, because they are spa-
tially wider extended (see Section [4.1]). However, scattering into the
counter-circulating fundamental mode can not be prohibited with a
resonator internal aperture.

The cause of the resonator internal scattering processes could not be

3providing the fundamental polarization eigenmodes of the resonator are not de-
generated
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clarified, but was attributed to outgassing processes inside the vessel
of the OAC resonator.

3.6 Summary

In this chapter the basic idea of Optical AC coupling was introduced
and an analytic OAC transfer function was derived for perfect and
imperfect mode matching coefficients.

The dependence of the OAC gain factor g(a,p) from the impedance
matching a and mode matching p, was investigated for imperfectly
mode matched resonators. An optimal positive and negative impe-
dance matching can be estimated for a given mode matching coef-
ficient p with the equations derived in Section 3.3l Furthermore, it
was demonstrated how to estimate the impedance matching a and
the mode matching coefficient p from an independent measurement of
the DC-reduction ¢ and the OAC gain factor g in Section [3.4l These
findings were used for the analysis of the measurements performed at
aLIGO and GEO 600 (see Chapter [0)).

Potential OAC sensor noise sources were discussed and the frequency
noise conversion was extended for imperfect mode matchings. A closer
investigation of the out of loop noise, caused by frequency noise con-
version, indicates that it is possible to trade OAC gain against fre-
quency noise conversion.

Especially the resonator internal scattering into the counter circulat-
ing resonator fundamental mode, which was observed in earlier OAC
experiments, was a decisive factor for the resonator design described
in the next chapter.
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Chapter 4

4

OAC with a narrow linewidth
resonator

This chapter describes a dedicated experiment performed at the AEI
in Hannover to investigate OAC at frequencies between 300 Hz and
100 kHz, significantly lower than what has been covered previously.
Section 4.1] presents the design of the core component of the experi-
ment: the OAC resonator with a narrow linewidth below viw =4 kHz
and a tunable impedance matching @]

Section [4.2lintroduces the full experimental setup including the optical
components, as well as the electronic feedback control loops necessary
for the operation of the experiment.

Experimental challenges and the methods used to overcome these are
described in Section [4.3]

In Section [4.4] the main results, consisting of OAC transfer function
measurements and the power stabilization experiments are presented.
The chapter closes with a discussion (Section A.5]) of the results in-
cluding a comparison to the performance of earlier OAC experiments,
and a brief outlook on possible next steps in Section

4.1 Resonator Design

The resonator used for the OAC experiment was designed with a focus
on the avoidance of noise sources found in previous OAC experiments

24, [5).

Scattering into the counter-circulating fundamental and higher order
spatial modes was found to be a major limiting noise contribution, in
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previously used ring resonators. Hence, a linear resonator design was
chosen for the new experiment, because a counter-circulating mode
does not exist and therefore can not be excited by scattered light.
The resonator is constructed from several aluminum parts, see Figure
[4.1] which are fixed together by steel screws.

The spacer is an almost 1m long rectangular tube, formed by an alu-
minum u-profile with a matched top plate.

The resonator mirrors are clamped between two aluminum plates, re-
ferred to as the outer and inner clamping plates, which are then fixed
on the rectangular aluminum spacer to form the linear OAC resonator.
An additional viton ring between the outer plate and the mirror sub-
strate is used to distribute the pressure applied by the clamping plates
evenly onto the mirror substrate and prevents stress induced damage
to the mirrors during the clamping process.

The distance between the mirror surfaces on the inside of the resonator
L is designed to be 1 m. This is the result of a trade-off between nar-
row linewidth and the space constraints of the experiment.

A mechanism to change the impedance matching of the OAC res-
onator had to be implemented, since it is a crucial tuning parameter,
to achieve a maximum OAC gain factor in the experiment. This is
even more important for an experiment with imperfect mode match-
ing, as described in Section 3.3

A motorized iris aperture (Type: Owis IBM 65) was mounted in a
dedicated mount and clamped onto an XZ-Linear stage (Type: New-
port 9063-XZ-M-Gothic-Arch XZ translation stage) which again was
fixed on the resonator spacer (see Figure [4.2]).

The assembled resonator spacer is clamped into a specially designed
mount (see Figure [£.2] right) which supports the spacer over the full
length of the resonator for better mechanical stabilit.

The clamping plates, used to clamp the spacer onto its mount, are L-
shaped and provide the possibility to attach two additional alignment
mirrors to the in-coupling and the out-coupling port of the resonator?.
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Viton-Ring Outer
Top side of NP |
A | clamping
the spacer \ plate

Aperture
Mirror
[
bottom side Inner
of the spacer clamping
plate

Inner
clamping
plate

Mirror

Outer \\@I
clamp|rgv I N

plate Viton-Ring

Figure 4.1: OAC resonator spacer assembly: The OAC resonator consists of an u-
shaped aluminum bottom spacer and a top side with the same dimensions, which
are screwed together with stainless steel screws. The mirrors are clamped between
an inner and outer clamping plate with an additional viton ring placed between
the outer clamping plate and the mirror. Stainless steel screws are used to fix the
clamping plates to each other and fix them on the resonator-spacer.
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Newport
9063-XZ-M
Gothic - Arch Cavity
XZ Translation Mount
stage Q
X - axis ” Aperture installed
adjustment on the cavity spacer
™~ 14
Owis IBM 65 | Cavity Mount
y- ax‘m‘ motorized Iris ) side parts
adjustment aperture Cavity Mount

bottom part

Figure 4.2: Left: Motorized iris aperture inside an aluminum mount, which is
screwed to the Newport translation stage. The translation stage is later on used
to adjust the center of the iris aperture with respect to the cavity fundamental
mode’s x- and y- coordinates. Right: OAC resonator in its mount: The spacer is
clamped between the bottom part of the mount and the L-shaped top clamping
plates. The aperture is inserted through the feed-through holes in the spacer and
its alignment stage is fixed with screws on the spacer
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4 OAC with a narrow linewidth resonator

Table 4.1: Calculated Finesse and corner frequency f, of the resonator for differ-
ent resonator internal losses. In the impedance matched condition, the corner
frequency of the resontor is fo = 1623Hz

do [ppml &7 [ppml &2 [ppm] Finesse F fp [Hz]

0 68 2 89760 835
30 68 2 62832 1193
66 68 2 46200 1623
26 68 2 37850 1980

4.1.1 Linewidth and impedance matching

The linewidth of the resonator depends on two parameters, the length
of resonator L and the Finesse &, which is a measure for the sum of
the losses inside the resonator.
According to equation 2.17 and equation 2.34] the corner frequence fg
is calculated by:

_Viw _i62+60+6]

fo=—3 2L 4t : (4.1)

To achieve a narrow linewidth the resonator should be as long as pos-
sible, the mirror reflectivities as high as possible and the resonator
internal losses as small as possible.

Due to space constraints, the resonator length L. was chosen to be Tm
and the mirror transmissivities were chosen to be §; = 68 - 10~° for
the in-coupling mirror and &, = 2 - 10~° for the out-coupling mirror.
This choice ensured a narrow linewidth of the resonator and provided
a loss budget for resonator internal losses which can occur due to scat-
tering, absorption in the mirror coatings or by aperture effects of the
2.54 cm diameter mirrors.

In previous experiments the initial internal losses 8p; were measured
after the first assembly of the resonator and found to be 6pi = 22ppm.
The initial impedance matching a; can therefore be determined with
equation 2.40] to aini = a(dpi,01,02) ~ —0.432

To provide the possibility to adjust the impedance matching of the

n earlier experiments @] the spacer was supported by two separate mounts
which led to the excitation of mechanical modes of the spacer assembly.

2Due to the tight space constraints in the vacuum tank, the alignment-mirrors
for the the incoming and outgoing laser beam had to be placed outside of the
suspended platform (see Section [4.2]).
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4.1 Resonator Design

resonator, a motorized iris aperture is used (see Section A.1). With

this aperture additional internal losses can be introduced in intervals

of a few ppm. This allows the impedance matching of the resonator

tﬂoE be changed from the over-coupled to an under-coupled situation.
.

Table [4.1] compares the design values of the optical resonator for dif-

ferent resonator internal losses @]

4.1.2 Higher order mode suppression

A noise source similar to the scattering into
the counter-circulating mode of the resonator

described earlier is scattering into resonant
higher order spatial modes, which can become
a limiting noise source in OAC experiments

23],

Table 4.2: Frequency
separation of  higher
order HG modes
with respect to the
fundamental mode

To avoid scattering into higher order HG

modes the resonator was designed in such a TN +m Vnm

way as to suppress HG modes with small mode 1 40 MHz
index. The resonator length L as well as the 15 24MHz
mirror curvature radii v1 and 1, define the cav- 30 4.7 MHz

ity g—parameters@, g1 and gy, a measure for the 26 5.8 MHz
stability of an optical resonator according to:

L
=1—-— 4.2
g1 - (4.2)
L
S 4.
92 - (4.3)

The mirrors in the resonator had identical radii of curvature with
1 =12 = 300 cm and therefore g1 = g, = 2/3. The g-parameters can
be used to calculate the mode spacing v, of a higher order spatial
mode compared to the corresponding fundamental mode resonance
frequency of the optical resonator as:

arccos(gig2) ¢

— o (4.4)

Vnm = Vgnm — Vq = (M +m+1)
with vqnm being the absolute resonance frequency of the specific HG
mode and n, m being the index of the mode (see equation [2.5]).
Table shows the mode separation of the HG modes with n+m =1

3Not to be confused with the OAC gain factor g.
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4 OAC with a narrow linewidth resonator

normalized power transmission

aperture radius r, [1/wg]

Figure 4.3: Power transmission through a circular aperture for different Hermite
Gaussian modes. The wave-like structures of the different curves appear whenever
the aperture radius reaches a local intensity maximum.

and the three modes with the closest resonance frequency to the next
fundamental mode up to a mode index of m +n = 40.

The aperture, which is used to regulate the impedance matching, can
simultaneously be used to suppress the excitation of these higher order
modes. Since the higher order HG modes are significantly larger in
their spatial extent, the losses introduced by a circular aperture are
significantly higher for these modes than for the fundamental mode of
the resonator.

The field of a higher order HG mode at the position of the beam waist
wo (z =0) can be calculated according to:

1 1 2 2
Unm(x,y) = T : Hy fx Hm \/_U
2 2"l wy 2mm! wy Wo Wo
X% + yz

>—)
wo

exp(— (4.5)

The normalized intensity transmitted through a circular aperture with
radius 14, which is centered on the beam axis, can be calculated in
Cartesian coordinates for a single quadrant and then scaled by a factor
of 4:

2

Tq [Ti—x
Lap(ra) :4JO L Upm U dxdy (4.6)
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4.1 Resonator Design

Accordingly the losses induced by the aperture are given by:

5aperture(ra) =1- Iap(ra) (47)

In Figure [4.3] the relative power transmission of different higher order
HG modes are compared to the fundamental mode.

Note how the HG; o, despite its higher mode index n+m, suffers less
optical losses than the HG1 o for small aperture openings. This is due
to its intensity maximum on the beam axis (rq = 0).

Using a circular aperture inside the resonator can change the beam
properties of Gaussian beam which is transmitted through it due to
diffraction effects @]

If the aperture has a radius rq with 1.6 19 < rq < 3 1o the beam is
weakly diffractedd. In this case the beam still looks like a Gaussian
beam, but will have slightly different characteristics. However, in this
experiment this effect can be neglected, since the aperture is used to
imprint relative power losses of up to 150 ppm and therefore the ra-
dius of the aperture is never significantly smaller than 3 rg.

“Here, 10 is the 1/e intensity radius which is related to the 1/e field radius wy,
defined in @] by To = wo/v2. The 1/e field radius will be referred to as the
beam waist, as it marks the 1/e? intensity radius.
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4 OAC with a narrow linewidth resonator

4.2 Experimental Setup

In an initial setup the OAC resonator
was placed on a vibration-isolation op-
tical table in one of the standard optical
laboratories of the AEIL
While it was possible to set up and test
the high bandwidth frequency stabiliza-
tion feedback control loop, see section
[4.2.1] this environment turned out to
be unsuited for the final power stabi-
lization experiments since acoustic dis-
turbances could not be shielded well
enough and prevented a stable opera-
tion of the OAC resonator.
To shield the crucial components of the
experiment from acoustics they needed
to be migrated into a spare GEO 600 e b e ramich 1050
vacuum tank, which was large enough
to host the Tm long resonator, as well Figure 4.4: Photograph of the
as optical components necessary for the spare GEO 600 tank, which is
OAC coupled power noise detection. mounted onto the Halyconics ac-
. T . tive isolation platform
To provide seismic isolation the com-
plete vacuum tank is mounted on a
active seismic isolation platform type Halycyonics, MOD-Sandwich
1050. This isolation platform can provide up to 20 dB noise suppres-
sion between 2Hz and 200 Hz @]
An aluminum platform with 80 cm diameter is suspended within the
tank on three 1m long steel wires to additionally isolate the experi-
ment from seismic vibrations.
To reduce the amount of optical components inside the vacuum tank
the experiment was split into two locations (see Figure [.5]).
The Innolight Mephisto NPRO 2W1064 nm laser was placed on the
so called laser preparation breadboard outside of the vacuum tank.
Downstream of the NPRO the beam propagated through a half wave
and quarter wave plate before it was transmitted through a Faraday
isolator. This wave plate-PBS combination is used to linearize the
polarization, which is sent through the FI.
The beam was sent through a resonant EOM to imprint phase mod-
ulation sidebands at 29.02 MHz. In a next step, a half wave plate
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4.2 Experimental Setup

towards NPRO PZT and crystal temperature control

-

1 N
PZT- OAC resonator with aperture
M2 e’
M2 ML1 ccp
G M7  transmission
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M1 I:)Dtrans
N2
M5 M6
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PDreﬂ
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vacuum tank )
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Figure 4.5: Sketch of the experimental setup: The full experimental setup is di-
vided into two different locations, the laser preparation breadboard on an optical
table and the detection bench inside the vacuum tank. PDppy is connected with
the TTFSS servo (green trace), which in turn is connected to the different actua-
tors used for the frequency stabilization feedback control loop. Similarly, PDyy is
connected to the RPN-Servo and the EOAM (blue) to form the power stabilization
feedback control loop.
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4 OAC with a narrow linewidth resonator

@ remote controlled alignment
" mirrors

clamped - v peF- i > out-of-loop
in-coupling f photodetector

mirror J —

Figure 4.6: Photograph of the remote controlled alignment mirrors hanging down
from the L-shaped clamping plates used to fix the OAC resonator spacer onto its
mount. The picture also shows the mode matching lenses and PDgoor

and a PBS were used to align the polarization axis to the following
broadband electro optical modulator (EOM) and minimize its resid-
ual amplitude modulation (see also Section 4.3.1]).

The beam was then sent through an electro optical amplitude modula-
tor (EOAM) followed by yet another PBS for converting the polariza-
tion shift induced by the EOAM into an actual amplitude modulation.
A single mode polarization maintaining (PM) fiber with an integrated
vacuum feedtrough from Schdfter+ Kirchhoff was used to couple the
light from the laser preparation breadboard to the inside of the vac-
uum tank, which is shown in Figure Therefore, the polarization of
the light had to be adjusted with an additional half wave plate before
the beam was coupled into the fiber coupler.

A similar fiber coupler was placed on the suspended platform inside
the vacuum tank and the light was additionally polarization-filtered
by a combination of half wave plate and PBS.

The partly transmissive mirror M5 (T=10%) was used to monitor

the power noise of the beam entering the vacuum tank with the out-
of-loop detector PDgpor1 -
The beam is then transmitted through a half wave plate and a Fara-
day isolator. The half wave plate and the first PBS of the FI were
used as a power attenuation stage to control the power incident to the
OAC resonator.
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fiber coupler

Figure 4.7: Photograph of the experimental setup inside the vacuum tank. The
optical components are fixed on the platform which is suspended by three steel
wires. The OAC resonator is larger than the platform and therefore protrudes
over the edge.
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4 OAC with a narrow linewidth resonator

Downstream of the FI three lenses were used to mode match the beam
to the resonator fundamental mode. A set of remote controllable mir-
ror mounts was installed for the alignment of the beam to the cavity
axis.

Since the spacer had to be placed on the outer region of the platform
to provide enough space for all the optical components, the mounts
were fixed on the L-shaped clamping plates described in Section 4.1]
hanging upside down in the free space outside of the platform, see
Figure 4.2

The beam reflected by the OAC resonator follows the beam path back
towards the FI and gets reflected towards the detection beam path by
the PBS of the FI.

A 30/70 beam splitter was used to direct the major portion of the
reflected beam towards the Pound-Drever-Hall-PD (PDppyy), which
was used for the frequency stabilization between laser and OAC res-
onator length.

With a CCD camera behind mirror M8 the beam profile in reflection
could be monitored directly.

The beam reflected by the 30/70 beam splitter was used for the in-
loop detector PDy of the power stabilization experiments.

The power level in reflection of the OAC resonator depends on various
parameters:

e The mode matching coefficient p

e The impedance matching a

e The power coupled through the fiber
e Locked or unlocked OAC resonator

Therefore, an additional half wave plate PBS combination was used to
adjust the power level on the in-loop sensor for the various parameter
combinations of the experiment.

The second port of the PBS could than be used to measure the power
reduction ¢ in reflection of the resonator (see Section [3.4)).

In transmission of the OAC resonator the light was directed back to
the suspended platform with two mirrors, again installed upside down
from the clamping plate.

The power noise of the beam transmitted by the resonator was then
measured with the transmission PD (TPD), while another CCD cam-
era placed in transmission of mirror M12 was used to monitor the
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transmitted beam profile.

4.2.1 Frequency stabilization

To use the OAC technique the frequency of the laser light has to be
stabilized to the length of the OAC resonator. Therefore, a feedback
control loop with a unity gain frequency of 600 kHz was installed.
The core of the feedback control loop is an aLIGO style servo, referred
to as the table top frequency stabilization servo (TTFSS)@], which
is used at the aLIGO detectorsﬂﬂ], the aLIGO PSL reference sys-
tem ﬂﬂ] and the 10m prototype experiment ﬂﬁ, @] in Hannover. In
contrast to these experiments, which control the TTFSS via a digital
interface, the TTFSS is controlled with an analog interface.

Three different actuators are used to achieve a high unity gain fre-
quency with sufficient dynamical range (see Figure [4.5]). The NPRO
includes two actuators, a peltier element to control the laser crystal
temperature and a piezo electric transducer (PZT), which is attached
to the laser crystal and can be used to change the optical path length
in the crystal. Both of the NPRO actuators are used for low frequency
feedback up to 10 kHz. The peltier, with a modulation coefficient of
2.8 GCZ, has enough range to compensate long term drifts of the laser
frequency, while the PZT is fast enough to control frequency noise
in the audio band. Due to mechanical resonances of the PZT, the
feedback at high frequencies is provided by an additional broadband
EOM placed at the laser preparation breadboard.

The error signal, necessary for locking the laser frequency to the res-
onator length, is created using the Pound-Drever-Hall method @, @]
Phase modulation sidebands at 29 MHz are imprinted with a resonant
EOM on the laser preparation breadboard and the light is detected
in reflection of the OAC resonator with a dedicated resonant pho-
todetector, called PDppp. The signal detected by PDppy is then
demodulated with the correctly phase shifted local oscillator which is
used to imprint the phase modulation sidebands, to create the error
signal.

The strength of the phase modulation has to be chosen carefully since
the low linewidth resonator strongly converts incoming phase modula-
tion into power modulation in its reflection. This can cause slew-rate
@] related problems in the fast photodetector used for the power sta-
bilization feedback control loop. This effect was observed to limit the
out-of-loop performance of the OAC power stabilization experiment.
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4 OAC with a narrow linewidth resonator

The strong RF-amplitude modulation, which originated in the con-
version from the RF-phase modulation, could not be handled by the
transimpedance amplifier of the power stabilization feedback control
loop sensor, which then resulted in a white noise floor of the sta-
bilized out-of-loop performance. After a significant reduction of the
phase modulation, this effect vanished.

To achieve enough optical gain for the frequency stabilization while
having small phase modulation sidebands, the PDpp needed to de-
tect a high amount of DC power. For this reason this photodiode was
saturated in the unlocked case. When the laser frequency becomes
resonant the DC power drops until the photodiode is not saturated
anymore and can be used for stabilization. Hence, optical frequency
range for which lock acquisition is possible depends on the total opti-
cal power on the photodiode and the DC reduction C.

The lock was achieved by using the NPRO crystal temperature to
manually adjust the laser frequency to the resonance of the resonator
while the feedback control loop was closed.

4.2.2 Power stabilization

The power stabilization feedback control loop is comprised of the
EOAM-PBS combination on the laser preparation breadboard, the
in-loop photodiode PDj;, which is placed in reflection of the OAC
resonator and an analog servo placed outside the vacuum tank.

The sufficient longterm stability of the DC laser power allowed to use
an AC coupled control loop design. Therefore, a bootstrapped photo-
diode design with a sufficient dark noise clearance at low frequencies
and a detected photocurrent of ip = 0.3 mA, similar to the design
described in @] was chosen.

An open loop gain transfer function measurement of the power stabi-
lization feedback control loop is shown in Figure [4.8l

The bandwidth of the loop was limited by servo internal offsets, caus-
ing saturation effects. When operated with OAC the loop was there-
fore capable of reaching a higher unity gain frequency, since the OAC
transfer function becomes part of the open loop transfer function and
increases the overall gain for high frequencies.

The bandwidth of the control loop allows for enough gain to suppress
the free running noise to the desired noise levels. For the classical
power stabilization a gain of up 36 dB was reached. For OAC based
power stabilization feedback control loop, the open loop gain was fur-
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Figure 4.8: Power stabilization feedback control loop gain: The OLG of the power
stabilization feedback control loop is altered by the Optical AC coupling transfer
function, allowing for more gain and a higher unity gain frequency than the clas-
sical feedback control loop. For comparison, a simulation of the classical OLG,
consisting of the transfer function of the servo, the EOAM and the photodiode,
is shown together with the measured OLG. Both curves match each other if the
OAC transfer function is folded out of the measurement.

ther amplified, according to the OAC transfer function.

61

Chapter 4



4 OAC with a narrow linewidth resonator

4.3 Experimental challenges

This section will discuss two major problems connected to the exper-
imental setup of the new OAC experiment and their solutions.
Residual amplitude modulation (RAM) measured on the beam trans-
mitted through the optical fiber was observed to increase the RPN of
the laser by up to two orders of magnitude. To avoid a saturation
of the power stabilization feedback control loop this RAM had to be
eliminated.

A second challenge was imposed by the long storage time of the OAC
resonator, which prohibited the use of standard mode matching pro-
cedures and therefore limited the achievable OAC gain factor.

4.3.1 Residual amplitude modulation

Residual amplitude modulation

(RAM) is an unwanted side ef— top circuit board
. . with gold coated
fect of EOM usage in optical ex- surface under-

neath

periments and has been investi-
gated since the 1980s ﬂﬂ] RAM
produced by EOMs is still not
understood in all its various as-
pects, but some insight has al-

indicators for

ready been gained, EOMS can bottom circuit board crystal position

with gold coated surface

produce polarization changes if
not aligned perfectly but also
cavity effects between the end Figure 4.9: Temperature stabilized

EOM. Th tal t  visibl i
surfaces of the EOM crystal can © e caysa (no. VISt e) is
clamped between two circuit boards

lead to strongly temperature de- hich are gold coated to provide the
pendent RAM in transmission of electrical surfaces necessary to apply a

the EOM @] Since RAM be- Vvoltage difference between opposi"ce‘ sidt?s
i an BOM i emperatureand 1% 6L The vl postion &
intensity dependent it is also as-

sociated with the so called pho-

torefractive effect within the crystal @]

The broadband EOM (Newport, Type 4004, MgO : LiNbOs), used
as actuator for the frequency stabilization feedback control loop
in the original TTFSS setup, was observed to create RAM, which
was detected on PDpor inside the vacuum tank at RPN levels of
1.0- 1075 Hz~ /2 for frequencies between 1 — 20 kHz.

The strength of the coupling between EOM drive and RAM could be
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Figure 4.10: Out of loop temperature stability at the surface of the self build
EOM crystal over a time span of 17 hours with and without enabled tempera-
ture stabilization

measured and observed over time with a simple transfer function mea-
surement and showed a flat behavior up to frequencies of 1 MHz. The
coupling could then be minimized by adjusting the alignment of the
laser beam through the EOM crystal, the polarization of the incoming
beam, the alignment of the laser beam to the fiber input coupler and
finally, by the offset voltage applied to the EOM.

However, the optimization of these parameters usually lasted for sev-
eral seconds before the coupling increased again by up to 20 dB.

To avoid saturation in the electronics of the power noise feedback con-
trol loop this noise required significant suppression.

A significant coupling strength reduction was finally achieved using a
custom built temperature stabilized EOM with wedged end surfaces.
The wedged end surfaces allow cavity effects to be avoided, while the
temperature stabilization reduces temperature induced changes in the
index of reflection of the EOM crystal. To enhance the stability of
the input polarization a PBS was placed directly in front of the cus-
tom build EOM. The temperature stabilization feedback control loop
was comprised by a PT-100 sensor fixed to the inside of the EOM’s
aluminium housing, a dedicated temperature controller and a peltier
element which was used to heat up both, the crystal and the hous-
ing of the EOM. A PT-1000 was clamped against the EOM crystal
to provide an out of loop measurement of the achieved temperature
stability.

The performance of the temperature stabilization was monitored with
the out-of-loop sensor PT-1000 (see Figured.10]), showing an improve-
ment of at least one order of magnitude in total temperature drift at
the EOM crystal over a time span of 17 hours.

63

Chapter 4
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4.3.2 Alignment and mode matching

Due to the variable impedance matching a of the resonator design
described in Section [£.1] the mode matching coefficient becomes the
crucial parameter with respect to achieving the maximum OAC gain
factor g accessible in our experiment (see Section [3.3)).

The standard procedure to align a laser beam to an optical resonator
is straight forward. The laser frequency or the resonator length is
scanned with a frequency of approximately fscqn = 10Hz and the
transmitted light of the resonator is measured with a photodetector
and observed with an oscilloscope.

For length /frequency changes larger than a full resonator FSR all opti-
cal modes of the resonator can be observed as peaks in the transmitted
power, with a width corresponding to the linewidth of the resonator.
The alignment and the mode matching lenses are adjusted in such a
way that only the fundamental mode of the resonator is transmitted.
This methods relies on the assumption that the resonator is scanned
with a velocity such that the electric field in the resonator has enough
time to reach its steady state amplitude. If the resonator is scanned
too fast the electrical field inside the resonator acquires an oscillating
component @]

The storage time T defines the decay time of an electric field inside an
optical resonator to a fraction of 1/e and can be calculated according

to
2

7IC

For the resonator used in our experiments this results into T3 =~
1.2ms. This decay can be precisely measured with a laser that is
frequency stabilized to the length of the resonator and then suddenly
blocked. The transmitted electrical field of the resonator resembles
the cavity field decay and can be observed with a photodetector very
precisely. This type of measurement is usually referred to as cavity
ringdown [80].

A longer storage time Ts reduces the scanning speed which can be
used for the alignment and mode matching process described above.
It is possible to calculate a normalized length scan ratio vy, which
relates the scanning speed to the storage time of the resonator and
can be used to estimate if a certain scanning velocity will result in
oscillatory behavior of the resonator.

Ts (4.8)

Lt

ALrmnm/2) (4.9)

VL =
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For a saw tooth waveform, the length scanning velocity [ = Algcan -
fscan is the product of the length change Alg.qn and the scanning
frequency fscan. To avoid oscillations in the amplitude of the cav-
ity field, the scanning speed should be chosen in such manner that
vp < 1. To work with the usual procedure a full free spectral range
ALgsg needs to be scanned, to allow comparison of the height of all
transmission lines at the same time, while changing the alignment /-
mode matching. It is also advantageous to have a sufficient scanning
frequency of approximately fscqan = 10 Hz to get a fast feedback about
the effects of each change in alignment/mode matching.

In the case of this experiment, we can use the resonator parameters
from section [4.1] and a scanning frequency fscan = 10Hz to calcu-
late the normalized scanning ratio. The result of v ~ 150 predicts a
highly oscillating resonator field.

This also means the resonator is far from reaching its steady state,
with a high power buildup inside the resonator. Hence, the power
change in transmission and reflection of the resonator is significantly
smaller than for slow scanning velocities.

Since the ringing effects prohibited the use of the standard mode
matching procedure a different approach was chosen. For the coarse
mode matching with respect to the waist parameters, the beam pa-
rameters of the incident beam were estimated with a WinCam Type:
WinCamD-UCD23 (DataRay Inc.). Mode matching lenses were placed
accordingly in order to match the incident beam to the calculated res-
onator fundamental mode.

For a coarse alignment the NPRO crystal temperature was scanned
and a CCD in transmission of the OAC resonator was used to mini-
mize the spatial extent of the transmitted beam.

After this coarse alignment and mode matching, the resonator could
be locked to its fundamental mode. The remote controlled alignment
mirrors were used to further improve the alignment of the beam with
a locked resonator by maximizing the transmitted optical power, or
respectively, minimizing the reflected power.

The disturbances induced by the remote controlled PZT alignment
mirrors, hanging down from the L-shaped clamping plates, could be
large enough to saturate the feedback control loop. This meant it
was necessary to lock the resonator with significantly reduced optical
power on PDppy which therefore reduced gain of the control loop.
Again, a trade off had to be made between enough gain to be able to
lock the resonator and the avoidance of saturations.
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4 OAC with a narrow linewidth resonator

Even though the mode matching lenses were also placed on remote
controllable linear stages, a fine tuning of the mode matching lenses,
while keeping the cavity resonant, was prevented by the disturbances
induced by the Newport 8321 Picomotor actuators used to control the
lens positions. This made the adjustment of the mode matching lenses
even more complicated and time consuming.

The described difficulties with respect to the scanning velocity also
prevented use of the standard procedure to estimate the mode match-
ing coeflicient p, which requires to scan the resonator in the same
way, as for the mode matching procedure. A lower limit for the mode
matching coefficient p can be estimated from the transmitted optical
power in the different Hermite Gaussian modes, compared to total
transmitted power.

Instead of this standard procedure, the formalism introduced in Sec-
tion [3.4] was used to deduce an upper limit for the mode matching
coefficient. To achieve a Optical AC coupling gain factor G+ ~ 9 dB,
the mode matching coefficent has to be p < 0.05, see Eq. [3.271

4.4 Results

To characterize the OAC resonator, the OAC transfer functions was
measured for different aperture settings (see Section 4.4.1]). An inter-
esting outcome of these investigation was the observation a polariza-
tion depending disturbance in the OAC transfer function measurement
and the transmitted optical power (see Section [4.4.2)).

After the transfer function measurements, the power stabilization ex-
periment was performed at atmospheric pressure and at low pressure
for different photocurrents detected by the in-loop detector.

4.4.1 Transfer function measurements

In a series of measurements the aperture was opened stepwise to
change the impedance matching of the resonator. For each step the
OAC transfer function was measured.

Figure [4.11] shows a set of OAC transfer functions measured within
this series, together with a set of theoretical OAC transfer functions
with matched OAC gains.

Note how a smaller corner frequency is necessary to match the trans-
fer functions to the measurements. The behavior of the resonator
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Figure 4.11: OAC transfer functions for different impedance matchings showing
the evolution of the OAC gain factor g with decreasing corner frequency fo from
2000 Hz down to 1200 Hz. Note how the green transfer function has less gain and
a higher corner frequency compared to the orange curve. This demonstrated the
decrease of OAC gain for high values of the impedance matching, see Sec[3.3]

resembles what is theoretically expected from a OAC resonator with
imperfect mode matching, described in Section

For the strongest undercoupled situation (fy = 2000 Hz) the gain is
slightly decreased compared to the measurement with slightly better
impedance matching (fo = 1950 Hz). Since the OAC resonator is not
perfectly mode matched, the OAC gain factor can become an attenua-
tion (|g| = 0.275) for slightly overcoupled impedance matchingﬁ. The
gain then starts to increase (|g| = 1.5 at fo = 1300 Hz) and reaches
Ig| =2 at fo = 1200 Hz.

The maximum optical AC coupling gain factor which could be achie-
ved in the experimental setup was limited by the mode matching co-
efficient p, which was estimated to be p < 0.05.

5See Sec. [3.31 Another measurement showed an OAC gain |g| = 0.07, but is not
depicted in figure [4.11] for scaling reasons.
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4.4.2 Polarization effects

In an earlier stage of the experiment the light reflected of the OAC res-
onator was separated with an PBS-quarter wave plate combination.
The quarter wave plate converted the light to circular polarization
which then is incident to the OAC resonator.

After reflection by the OAC resonator, the light propagates through
the wave plate for a second time and is converted back to linear po-
larization. Passing the waveplate two times converts vertically polar-
ized light into horizontally polarized light and vise versa. The PBS
therefore separates the reflected beam from the incoming beam. This
configuration should work for a linear resonator, since the polarization
eigenmodes of the resonator should be degenerated.

However, this configuration was found to be problematic for this ex-
periment, which showed a polarization dependent behavior of the OAC
resonator. This behavior was observed in two different ways: With
a frequency stabilized resonator, the intensity pattern, observed with
the CCD cameras in reflection and transmission, could switch between
two different locking states, which were accompanied by a change
in transmitted and reflected optical power. Furthermore, it was not
possible to measure OAC transfer functions with a gain higher than
g = 6dB and the transfer function measurements showed a distortion
around 6 kHz.

Frequency splitting of higher order resonator eigenmodes in a Fabry-
Perot cavity can be caused by birefringence é, @], which is usu-
ally attributed to stress in the mirror substrates or mirror coatings,
induced by specific mirror mounting. A second source is found in
astigmatism, which can be introduced by elliptical cavity mirrors in
high Finesse resonators@@]. To estimate the frequency splitting of
these higher order modes corrections to the paraxial theory become
necessary @, @] These corrections are usually assuming a cylindri-
cal symmetry and therefore result in a degeneracy of the fundamental
mode of the resonator for both polarizations. Recently, it has been
shown that the fundamental resonator eigenmode can split into dif-
ferent polarizations due to elliptical mirrors, both experimentally as
well as theoretically @] However, this splitting of the fundamental
eigenmode does only appear if the mirrors’ radii of curvature approach
the wavelength of the laser and therefore is unlikely to explain the ob-
served effect in this experiment.

In the final setup, linear polarized light was sent towards the OAC
resonator and a Faraday isolator was used to separate the reflected
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Figure 4.12: OAC transfer functions for different orientations of linear input po-
larization. A deviation from the ideal OAC transfer function appears in the gain
and phase around 6 kHz, when the input polarisation is not aligned to one of the
cavity polarization axis

beam from the incoming beam. The polarization orientation of the
linear polarized beam was adjusted with a half wave plate to minimize
the features in the OAC transfer function. This optimization process
is shown in Figure [4.12] which shows the OAC transfer function for
different positions of the half wave plate.

4.4.3 Power stabilization experiment at atmospheric
pressure and 0.3 mA photocurrent

The power stabilization experiment was initially performed at atmo-
spheric pressure and with a detected photocurrent of i;p = 0.3 mA.
Important sensors for the experiment are PDpor, serving as out-
of-loop sensor, PDyqns as sensor for the transmitted relative power
noisdﬁp and PDyp as in-loop sensor. Figure 4.13] shows the relative
power noise on these sensors for different configurations of the exper-
iment.

5Due to the passive filtering of the resonator, power noise in transmission of the
resonator fell below the shot noise limitation of PD;qns. Hence, measurements
performed with this sensor are only shown up to frequencies of 20 kHz
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With an open power stabilization feedback control loop PDgoo1 mea-
sures the free running power noise of the NPRO, which is transmitted
through the fiber into the vacuum tank and directed towards the OAC
resonator.

A first test of the power stabilization feedback control loop was per-
formed with an unlocked OAC resonator. In this configuration the
OAC resonator acts as a normal mirror and the power stabilization
feedback control loop is equivalent to a classical power stabilization
feedback control loop.

The performance of this classical setup was shot noise limited for fre-
quencies above 2 kHz, showing a slightly increased noise which can be
attributed to the dark noise of the in-loop photodetector.

After this initial test, the OAC resonator was locked and the optical
power reaching the in-loop detector was adjusted to i;p = 0.3 mA.
The OAC based power noise stabilization feedback loop showed a su-
perior performance compared to the classical power stabilization con-
figuration for frequencies above 4 kHz, while the OOL relative power
noise increased dramatically compared to the classical setup for fre-
quencies below 4 kHz.

To investigate this increased power noise the relative power noise was
measured in transmission of the locked OAC resonator with PDrans,
as well as in reflection of the stabilized OAC resonator, with and with-
out a closed power stabilization feedback control loop.

With an open power stabilization feedback control loop, the trans-
mitted power noise differs from the incoming power noise in two as-
pects. As expected, the cavity acts as a low pass filter for amplitude
fluctuations and therefore filters the power noise above the resonator
linewidth down to the shot noise level of the detected beam. The sec-
ond deviation appears at low frequencies, which show a significantly
increased relative power noise below 2kHz. This power noise has a
similar shape to the OOL power noise of the OAC power stabilization
feedback control loop.

An increased relative power noise in this frequency regime, again hav-
ing a similar shape, is also seen with the in-loop detector used for the
power stabilization experiments whenever the resonator is locked and
the power stabilization feedback control loop is open.

Therefore, the increased OOL power noise of the OAC power noise
feedback control loop is a consequence of a noise source which creates
power noise in reflection and transmission of the stabilized OAC res-
onator.
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Figure 4.13: Performance of the 2kHz Optical AC coupling power stabilization
experiment at atmospheric pressure compared to the classical power stabilization
(unlocked OAC resonator) and the free running noise of the beam transmitted
through the fiber. An unknown noise sources causes excess noise in transmission
and reflection of the OAC resonator, when the power stabilization feedback control
loop is open and the OAC resonator locked. The OOL stability of the OAC based
power stabilization is superior to the classical stabilization for frequencies above
4kHz. Below 4 kHz the OAC power stabilization is limited by the unknown noise
source. Note how the transmitted power noise increases when the OAC power
stabilization feedback loop is closed.
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Several tests were performed to find the origin of this noise source.
Coherence measurements between beam pointing in reflection of the
stabilized OAC resonator to the OOL power noise were performed
with a temporarily installed quadrant photodiode. These measure-
ments showed no indication of a connection between beam pointing
an the source of the power noise.

The conversion of frequency noise between laser and OAC resonator to
additional power noise in reflection of the resonator was ruled out with
coherence measurements between the error signal of the frequency sta-
bilization feedback control loop and the OOL power noise as well.
An interesting effect was observed in the transmitted power noise,
with a closed OAC power stabilization feedback control loop: the
transmitted power noise was increased compared to the free running
noise, which could point towards a resonator internal noise source.
For an under-coupled OAC resonator, a noise source from the inside
of the resonator would have a phase flip compared to the resulting
carrier component in reflection of the resonator. This means that an
increase in the resonator internal field would look like a decrease in
the resulting reflected field. The control loop would then increase
the incoming power noise to extinguish the power noise in reflection,
which in turn would result in an increased power noise in transmission
of the resonator.

4.4.4 Power stabilization experiment below 10 mBar and
0.3 mA photocurrent

The in air measurements did verify that an improvement in shot noise
limited performance compared to a classical power stabilization feed-
back control loop was reachable with the OAC experiment. The next
phase of the experiment was the evacuation of the vacuum tank to
low pressure levels of below 10 mbar. Since the half wave plate to
adjust the power on the in-loop sensor could not be used for power
adjustments after the evacuation of the tank, the power was adjusted
before the pump down.

The adjustment process was complicated by the evacuation process of
the vacuum tank, which led to a reduction in the power transmitted
through the fiber. The cause of this change in transmitted power is
unknown, but might be attributed to stress in the fiber induced by the
pressure differences between the inside and the outside of the tank.
Since the reduction of power transmitted through the fiber could reach
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Figure 4.14: Performance of the 2kHz Optical AC coupling power stabilization ex-
periment at pressure levels below 10 mbar compared to the classical power stabi-
lization, the free running noise measured with the OOL detector and the transmit-
ted noise with and without OAC power stabilization. The unknown noise source,
seen in Fig. T3] is not present any more and the transmitted free running noise
is equal to the free running beam transmitted through the fiber, except for the
passive filtering of the resonator. The stabilized transmitted power noise is limited
by the shot noise level of the TPD and the OOL stability reached by the OAC
power stabilization feedback loop (indicated by the black dashed line).

up to 20 % over the timespan necessary for evacuating the tank and
finishing a set of measurements, it had to be considered before start-
ing the evacuation process. To be able to compensate for the power
drop on the inside of the tank, the power coupled into the fiber was
reduced with the first half wave plate after the NPRO laser, before
the power on the in-loop sensor was adjusted with the stabilized OAC
resonator. Then, the evacuation process was started and after reach-
ing the final pressure level, the power was readjusted with the half
wave plate behind the NPRO.

Figure [4.14] shows the results of the OAC power stabilization for pres-
sure levels below 10 mbar.

An out-of-loop performance very close to the expected shot noise level
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inferred from the OAC transfer function measurement, was reached
by the Optical AC coupling based power stabilization.

The noise source below 2 kHz, which limited the experiment at atmo-
spheric pressure, was not present with the evacuated vacuum tank.
Furthermore, the power noise in transmission for an open loop looked
exactly like the free running noise of the incoming beam, except for
the low pass filter effect of the OAC resonator.

With the closed loop the noise in transmission dropped down to the
shot noise limit of the photodiode in transmission of the resonator for
frequencies above 2 kHz. The transmitted power noise for frequencies
below 2 kHz can be estimated closely by calculating the uncorrelated
sum of the out of loop power noise and the shot noise level of the
transmitted beam.

Noise discussion

Several noise sources influencing the out of loop performance of the
experiment could be estimated:

e In-loop shot noise: The shot noise contribution ASNy of the
in-loop detector PDyp has to be calculated taking into account
the OAC transfer function Gpa c and the shot noise level of the
in-loop detector ARPNgnot,11 = 3.26- 1078 Hz~1/2.

_ RPNsho’t,IL

ASNIL(F) = TG ]

(4.10)

e In-loop dark noise: To estimate the dark noise contribution
ADN (f) of the in-loop detector to the overall noise, the volt-
age dark noise of the in-loop detector AVgqri, 11 (f) is measured
with a spectrum analyzer and normalized with the DC voltage
Vpc,1r. In a similar fashion as for the shot noise contribution,
the OAC transfer function Gpac has to be taken into account

as well:
_ AVaark,i(f)
Vbe,it - 1Goac(f)]

ADN (f) (4.11)

e Out-of-loop shot noise: The shot noise ASNgo of the out-
of-loop detector PDgor can be deduced from the detected pho-
tocurrent ipor, which was estimated to be about 50 mA and
therefore contributes with:

ASNopo1r = RPNghot,00L (4.12)
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e Out-of-loop dark noise: To estimate the dark noise contribu-
tion ADNpor of the out-of-loop sensor the voltage dark noise
AVaark,001 (f) is measured directly with a spectrum analyzer
and has to be normalized with the DC voltage of the OOL sensor

Vbc,oor:

ADNoor(f) = AVaark,00(f) (4.13)

Vbc,00L

e Conversion of frequency noise to relative power noise:

Frequency noise between the laser frequency and the resonator
resonance frequency is converted into relative power noise in
reflection of the OAC resonator according to Eq. B.47. How-
ever, calculating the exact conversion is difficult, as it strongly
depends on the remaining frequency offset Av, the impedance
matching a and the remaining frequency noise between laser and
OAC resonator.
The coupling however, can be projected using a transfer function
measurement between the error point of the frequency feedback
control loop and the OOL power noise. The contribution of
the frequency noise conversion ANF(f) was then projected as
the product of the error point voltage noise spectrum and the
measured transfer function. In the process of measuring the
transfer function the optimization of the error point offset volt-
age adjusted such that the magnitude of the transfer function
was minimized.

To estimate the overall expected out-of-loop power noise the uncor-
related sum of these noise contributions has to be calculated. A
graphical illustration of the different noise contributions and the over-
all sum can be found in Figure The dark noise contributions
ADNgo1(f) and ADNy (f) were approximated with analytical func-
tions ADNgim, 001 (f) and ADNgim 11 (f) (shown as dashed lines) to
get a clean projection for the overall noise.

A typical projection for the out-of-loop power noise created by fre-
quency noise conversion ANF(f) is shown in Figure Due to its
complex frequency dependency it is approximated by a constant value
of 1.7 -1077 Hz~'/2. The underestimation at low frequencies caused
by this approximation is not relevant, since the noise is dominated
by the dark noise contribution of the in-loop detector. At frequencies
above 20 kHz the coupling is slightly overestimated, again is not rele-
vant in the overall noise projection. The total noise is then calculated
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Figure 4.15: Noise investigation for the 2kHz Optical AC coupling power stabi-
lization experiment below 10 mBar and a detected photocurrent ip = 0.3 mA.
The dark noise contributions of the ADNj (f) and ADNpor were measured and
then approximated (shown as dashed lines). The shot noise contribution ASNy.
is shown as black line, while ASNgqoy is calculated and shown as red dashed line.
A projection of the frequency noise to power noise conversion is shown in light
orange.
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as uncorrelated sum:

ARPN um =((ANF())2 4 (ASN11)? + (ASNoo1)® (4.14)
1
+ (ADNgim.00L () + (ADNsim,IL(f))Z) > (4.15)

The sum of the known noise contributions discussed above does al-
most resemble the measured OOL power noise, expect for frequencies
below 400 Hz, where an unknown noise sources causes a remaining
discrepancy.

4.4.5 Power stabilization experiment below 10 mBar and 1
mA photocurrent

To shift the OOL performance of the system to lower RPN levels and
have a closer look at potential noise sources, like the noise source at
low frequencies, observed in Section [4.4.4], the photocurrent detected
with the in-loop detector was increased to ip = 1 mA. The resulting
OOL power noise performance of the OAC power stabilization feed-
back control loop is shown in Figure

For this stabilization experiment the OAC gain factor was measured
to be g = 9dB. The known noise contributions were estimated as in
Section [4.4.4] and are plotted together with their uncorrelated sum in
Fig. For almost all frequencies, the expected noise completely
explains the deviation of the out-of-loop performance from the ex-
pected OAC shot noise level. However, at low frequencies the OOL
performance was again limited by an unknown noise source, having
similar magnitude and shape as in the 0.3 mA experiment. Its is worth
mentioning, that the experiment was not optimized for a photocurrent
of ip = TmA and a better performance for frequencies above 3 kHz
was prevented by the significant contribution of the out-of-loop shot
noise ASNpor.

Nevertheless, an out-of-loop stability of 8 - 10~ Hz~ /2 was reached
for frequencies around 20 kHz.

4.5 Discussion

The goal to improve the power stability achievable with the OAC tech-
nique at lower frequencies, has been achieved. To demonstrate this
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Figure 4.16: Noise investigation for the 2kHz Optical AC coupling power stabi-
lization experiment below 10 mBar and 1 mA photocurrent. The dark noise con-
tributions of the ADNy (f) and ADNpor were measured and then approximated
(shown as dashed lines). The shot noise contribution ASNy; is shown as black line,
while ASNgo1 is calculated and shown as red dashed line.
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improvement, the results of this thesis are compared to the results
obtained by Kwee in 2010 in Figure 4.17]

The out-of-loop performance of the new experiment surpasses the ex-
periment by Kwee for frequencies below 30 kHz and reaches a four
times (12 dB) lower relative power noise, for frequencies below 3 kHz.
An even better performance was prevented by several known noise
sources and an unknown noise source below 2 kHz.

At 10 kHz the OOL performance is still a factor 2 (6 dB) better than
previous experiments. For frequencies above 40 kHz the experiment
could not reach the performance of earlier experiments, which is due
to the imperfect mode matching and therefore smaller OAC coupling
gain.

Up to this point it is not clear if the excess power noise at low frequen-
cies is OAC sensor noise produced by the OAC resonator (see Section
[3.5]) or conventional sensor noise (as discussed in Section 2.4.2]), which
could be caused by beam pointing or stray light effects.

The new setup is the first OAC coupling power stabilization experi-
ment using the Pound-Drever-Hall technique for the frequency stabi-
lization of the OAC resonator. Therefore, the compatibility of OAC
with PDH was experimentally confirmed in a power stabilization feed-
back control loop, which will be key for a possible implementation of
OAC at a gravitational wave detector (see Chapter [)).

4.6 Chapter Outlook

Since an investigation of the excess low power noise at low frequencies
is the logical next step for this experiment, the possibilities to decrease
the known noise contributions of the experiment are discussed in this
section.

The in loop shot noise contribution ASNy (f) can be lowered by an
increase of the OAC gain factor, or simply by increasing the detected
photocurrent. With a significant increase of the optical power detected
by the OAC detector an automatic shutter might become necessary
to shield the detector from the higher power levels occurring at a loss
lock of the OAC resonator.

An increase of the OAC gain factor demands an improved mode
matching factor p. To estimate an upper limit for the best possi-
ble mode matching, a complete characterization of the beam purity
inside the vacuum tank needs to be performed.

However, measuring the distance between the mode matching lenses
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Figure 4.17: The performance of the new experiment is compared to the results
achieved by Kwee (black dashed line). The performance of the new experiment
improves the OOL performance achieved with an OAC power stabilization by a
factor of 4 for frequencies below 3kHz (indicated by the green dashed line). The
sum of known noise contributions (blue dashed line) can not fully explain noise for
low frequencies.
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and the input coupling mirror of the OAC resonator will remain dif-
ficult with the current setup, due to the protruding resonator spacer.
A better solution might be a spatial extension of the platform to allow
for a positioning of the alignment mirrors on the plane of the platform.
A different approach is the use of an additional mode cleaner resonator
in front of the OAC detector, which is matched to the fundamental
mode of the OAC resonator and therefore suppresses the non resonant
mode contributions.

The electronic dark noise of the OAC detector ADNy (f) seems to be
sufficiently low, even with increased OAC gain, since the voltage noise
contributions has to be scaled with g.

Coupling of frequency noise to power noise in reflection of the OAC
resonator was not a major noise contribution yet. With a reduc-
tion of the other noise sources, further suppression of frequency noise
might become important. As demonstrated in Section [3.3] a better
mode matching, requires a better impedance matching to achieve the
maximum OAC gain factor g. However, it might be considered to
trade some of the OAC gain against lower out-of-loop power noise
produced by frequency conversion (see Sec3.5.1]). The bandwidth of
the frequency noise feedback control loop was limited by the mechan-
ical resonance frequencies of the custom built EOM. Therefore, the
bandwidth could either be increased with additional notch filters to
suppress the mechanical resonances of the custom build EOM or by
using a new EOM with better suited resonance frequencies. If an
increased bandwidth is not sufficient the loop shape can be further
optimized.

The shot noise of the out-of-loop detector was found to be a major
noise contribution at high frequencies. The photocurrent detected
with this sensor was about 50 mA and can be increased to about
60 mA using the same detector. A further increase of the optical
power on the out-of-loop detector will be limited in a similar manner
to the one discussed in Section 2.7l

Due to its tunable impedance matching, the new OAC experiment will
allow the first over-coupled OAC power stabilization feedback control
loop to be set up. An over-coupled OAC power stabilization would
be a necessary proof-of-principle experiment on the track towards an
implementation of OAC at a gravitational wave detector (see chap-
ter [B)). Because of the 180° phase flip between carrier and sidebands,
which is inherent to the overcoupled OAC transfer function, additional
electronic filtering might be necessary to achieve a stable control loop.
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Chapter 5

Optical AC coupling for
gravitational wave detectors

The first direct detection of gravitational waves from binary black
hole mergers ﬂﬂ, @, @] and the detection of gravitational waves from
a neutron star collision @], which allows for multi messenger astron-
omy @], creates a rapid growth in the interest to have even more
precise gravitational wave detectors.

A variety of future detector concepts have been proposed already. The
A+ Design @] will focus on upgrading the existing aLIGO facilities
to the best performance possible with the current infrastructure. The
upgrade will include heavier mirrors and an implementation of fre-
quency dependent squeezing to allow for a reduction of shot noise and
radiation pressure noise at the same time@, @, @]

More advanced designs for future detectors, such as the Einstein Tele-
scope @] (ET, 10 km arm length) or the Cosmic Explorer (CE, 50 km
arm length), will require completely new infrastructure instead. ET
and CE aim to increase the sensitivity by one order of magnitude for
the whole measurement band.

There is no definite laser power stability requirement specified for
these next generation gravitational wave observatories yet. Due to
the increased laser power and the higher sensitivities required, the
new stability requirements are likely to be even more strict than the
aLIGO requirements.

Optical AC coupling could provide a way of satisfying future power
stability requirements and, furthermore, seems to be tailor made for
use in gravitational wave detectors, as they inherently provide res-
onators with extremely narrow linewidths. This is due to the fact
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that all of current (2nd) generation and next generation GWDs have
an important similarity: They rely on the power recycling technique
Jﬁ] to increase the circulating laser power. This is true also for
the newly proposed speed meter topologies ].
Depending on the specific interferometric layout a coupled cavity, with
a corner frequency fo of about 0.6 Hz (aLIGO) or 20 Hz (GEO 600),
is formed by the power recycling resonator and the interferometer.
While OAC was already successfully demonstrated in laboratory ex-
periments, it had yet to be demonstrated in a gravitational wave de-
tector. Within this thesis the first investigations towards a possible
implementation of the OAC technique at a GWD were performed.
Section [5.1] describes the measurement of the OAC transfer function
at the aLIGO detector in Livingston Louisiana, USA. In Section 5.2 a
similar measurement at the GEO 600 detector is presented. Further-
more, this section describes the first experiments towards an actual
implementation of the OAC technique in the power stabilization feed-
back control loop of GEO 600.

5.1 Investigations of OAC at aLIGO

The first step towards an implementation of the Optical AC coupling
technique is the measurement of an OAC transfer function. Within
this thesis the OAC transfer function was measured at the aLIGO
detector in Livingston Louisiana and compared with a simulation of
the interferometer. The main results of this section were already pub-
lished in [62].

5.1.1 Optical Layout of aLIGO

The complete optical Layout of aLIGO consists of a multitude of op-
tical components, hence a simplified and reduced layout is presented
in Figure 5.1l It only shows optical components, which are essential
for the understanding of the OAC transfer function measurement.

The laser light of aLIGO is provided by the so called 200 W pre-
stabilized-laser system (PSL). The PSL combines a high power laser
source @@], with a pre-mode-cleaner, used for spatial filtering
of the beam, a frequency stabilization of the laser frequency to a ref-
erence cavity and an initial power stabilization feedback control loop
, ] It contains a high power acousto-optical modulator, which
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Figure 5.1: This is simplified optical layout of the aLIGO Livingston detector. The
beam from the PSL laser system is coupled through the AOM and the input mode
cleaner, before it is transmitted through the Faraday isolator and enters the coupled
cavity, formed by the power recycling mirror (PRM) and the compound mirror,
comprised by the interferometer and the arm cavities. The photodiodes PDj,,, used
to measure the the incoming field U;,, is placed in transmission of an alignment
mirror, downstream of the IMC. PD,.q, which measures the reflected field U,eq,
is placed in the reflection path of the coupled cavity, which is separated from the
incoming beam at the Faraday isolator (Reproduced from @] © IOP Publishing
Ltd. CC BY 3.0.)

is usually used as the actuator for the power stabilization feedback
control loop. The AOM is the only component of the PSL depicted
in Figure 5.1 since it was used to imprint the power fluctuations nec-
essary for the OAC transfer function measurement.

After transmission through the AOM, the beam enters the vacuum en-
velope and is coupled through the input mode cleaner (IMC), which is
a suspended, 16.7 m long, three mirror resonator with a Finesse of 515
M] Downstream of the IMC the beam is sent through a high power
Faraday isolator (FI), before it enters the coupled cavity formed by
the power recycling mirror (PRM) and the 4km arm length interfer-
ometer.

The interferometer comprised by the beam splitter and the arm cav-
ities M] is stabilized to the dark fringe operation point, such that
almost all light is reflected back towards the input port. Hence the
interferometer can be described by a compound mirror, which is in-
terpreted as the second mirror of the coupled cavity@].

As in the laboratory experiments power modulation incident and re-
flected by the coupled cavity need to be detected to measure an OAC
transfer function. The incident modulations are measured with PDjy,
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which is located in transmission of an alignment mirror downstream
of the IMC.

The beam reflected by the coupled cavity is separated by the Faraday
isolator from the incident beam. This is where the second photodiode
PD,efi, which measures the modulations reflected from the coupled
cavity, is located.

Since these photodiodes were already installed as a part of the stan-
dard aLLIGO optical layout, they could be used without further modi-
fications for the OAC transfer function measurement. The usual pur-
pose of PD,¢q is to create error signals for the common arm length
degree of freedom (DOF) and the signal recycling cavity length DOF
ﬂlﬁa] At the time of the experiment PD;,, was used as a sensor for
the final power stabilization feedback control loop. Consequently this
part of the feedback control loop had to be disabled to allow for our
transfer function measurement, otherwise the imprinted modulation
would have been suppressed.

5.1.2 Transfer function measurement

The measurement of the OAC transfer function at the alLIGO gravi-
tational wave detector is performed in a similar way to the laboratory
experiment described in chapter 4. The AOM is used to imprint am-
plitude modulations and the signal measured in reflection of coupled
cavity, measured with PD;c¢ is compared to the incident power mod-
ulation, measured with PDj,.

Due to the corner frequency of 0.6 Hz, a transfer function measure-
ment with a swept sine over the frequency range of interest, is very
time demanding.

Another complication arises due to the presence of several mirror sus-
pension resonance frequencies within the desired measurement band,
which could be excited by incident power modulations.

Therefore, two different measurement methods were chosen. For fre-
quencies between 5 Hz and 1 kHz the standard procedure of injecting a
broadband amplitude modulation could be used to measure the trans-
fer function.

In the range between 0.1 Hz and 100 Hz single frequency amplitude
modulations, with a modulations coefficient up to m = 0.02, were im-
printed and the transfer function at the specific modulation frequency
was measured. The frequencies were chosen with sufficient distance to
the well known mechanical resonance frequencies of the suspensions
to avoid a possible excitation.
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Figure 5.2: Left: Transfer function between photodiodes with an unlocked interfer-
ometer without calibration factor x(f) (blue) and the same transfer function with
the calibration factor applied. Right: Calibrated transfer function Hjgckea (f) - X(f)
between both photodiodes with the locked interferometer (green). The same trans-
fer function after normalization with the independently measured carrier reduction

¢

To compare the two measurement methods the single frequency mod-
ulations were also performed above 5Hz and showed no deviations
between both methods.

Calibration

The Optical AC coupling gain factor g is the difference in the magni-
tude of the transfer function at frequencies f << fy and f >> fj.
Measuring the magnitude at frequencies far above the corner fre-
quency is usually unproblematic. However, to measure at frequencies
significantly lower as the corner frequency of the coupled cavity at
aLIGO, a measurement at f < 10 mHz has to be performed. This is
demanding due to long integration times required for a single transfer
function measurement and the high excess power noise in reflection
of the power recycling cavity. This excess noise not only requires a
strong modulation, but also degrades the coherence between the in-
jected and reflected signal and therefore requires a higher number of
averages to achieve a significantly coherent measurement. The lower
frequency magnitude of the transfer function measurement was there-
fore inaccessible for this experiment.

An adapted calibration method to estimate the Optical AC coupling
gain factor was used instead, see Figure

In a first step the AC signals of the photodiodes PDji,, and PDy.f1
are calibrated relative to each other to account for different optical
and electronic gains between them (see Figure (5.2)). To allow for a
measurement of the frequency dependent calibration factor x(f), the
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central beam splitter of the interferometer is intentionally misaligned
and the beam is centered on PD,.f; by actuation on PRM. In this
state the AOM is used to imprint a broadband modulation and a
transfer function Hypocked from the PD output signals Vin Ac,unlocked
t0 Viefl, AC,unlocked 18 measured:

Vreﬁ,AC ,unlocked ( f)

H f) =
unlocked ( ) Vin, AC,unlocked (ﬂ

(5.1)

Since the interferometer is unlocked, PRM acts as a simple mirror and
the power modulations Pi, (f) and Preri(f) are of equal size. There-
fore, the calibration factor is given by X(f) = 1/Hunlockea (f) and can
be used to calibrate the photodiodes relative to each other:

X(f) ) Vreﬁ,AC,unlocked(f) _ Preﬂ,AC(f) —1 (52)
Vin,AC,unlocked (f) Pin,AC (f)

In the locked state, the optical power on PD,¢s is reduced with the
carrier reduction ¢ < 1, introduced in Section [3.4], while PDj,, still
sees the same amount of optical power.

C o Preﬂ,DC,locked

5 =a*(1—-p)+p (5.3)
in,DC

Therefore the measured calibrated transfer function Hjgeeeq(f) - X ()
has to be normalized with the carrier reduction (see Figure[5.2] right),
to end up with OAC transfer function measurement:

Preiac Pin,DC

Goac(f) =
ouc(f) Pin,ac  Prefi,DC

= X(f) - Hioektea (f) / € (5.4)

Hence the second step of the calibration procedure was an independent
measurement of the carrier reduction {, which was simply monitored
with the DC-Voltage of PD,.¢; and therefore allowed for a fully cali-
brated measurement of the OAC transfer function.

The measured estimate H(f) of a transfer function H(f) between two
signals x(f) and y(f) comes with a statistical error. For an unbiased
measurement the normalized rms error € in the gain estimate |H(f)|
can be calculated via the coherence y,z(y between the signals and the
number of averages np ﬂﬁ, @]

en . SAIAMD 0 =yg)'?
elH(f)] = O wlvIm (5.5)
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Figure 5.3: Measurement of the Optical AC Coupling transfer function at the
aLIGO Livingston detector The broadband modulation measurement for frequen-
cies above 5Hz is shown in blue. The single frequency modulation measurements
are shown in red, together with their corresponding statistical errorbars in black. A
theoretical Optical AC Coupling transfer function using the measured Optical AC
Coupling gain and the simulated corner frequency is shown in green (Reproduced
from [62] © IOP Publishing Ltd. CC BY 3.0.)

The error in the phase estimate of the transfer function @ in radians
is equal to the standard deviation (s.d.) when € is small :

s.d.[D] ~ €[H(f)] (5.6)

To minimize the statistical error, the coherence between both pho-
todiode signals was monitored in parallel to each transfer function
measurement.

A strong coherence could be achieved for the broadband injection,
which translated into a statistical error € < 0.125 dB and S.d.[(i)xy] <
0.8°. For the single frequency modulations the modulation coefficient
m as well as the number of averages np was adjusted to yield an error
e <0.1.

The error bars shown in Figure 5.3, were calculated with equation
and and therefore represent the statistical error for each single
frequency modulation measurement.

5.1.3 Results and Simulation

The transfer function measurement derived in this way is presented in
Figure (5.3l showing the broadband modulation measurement in blue
and the single frequency modulation measurements as red dots.
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An Optical AC coupling gain of 10.43 dB was estimated and the over-
coupled design of the coupled cavity becomes evident in the phase
behaviour with its characteristic phase flip of 180°.

For comparison results an Optickle @] simulation of the complete
interferometer was performed.

The original Optickle simulation script written by Keiko Kokeyama
was adapted with respect to the internal losses of the Fabry-Perot arm
resonators measured in .

Based on the knowledge of the interferometer the simulation could be
used to estimate a corner frequency of fo = 0.6 Hz, a DC reduction
¢, an impedance matching a, a mode matching coefficient p and a
theoretical Optical AC coupling gain factor g.

The measurement of the Optical AC coupling gain factor g via the
transfer function and the independent measurement of the DC reduc-
tion (, allow to estimate another pair of a and p, using the equations
and [3.33l The values for a and p, which are calculated in this
way, will be referred to as measured values.

These simulated values for g and ¢, as well as the values of the im-
pedance matching a and mode matching coefficient pare compared to
the measured values in Table 5.1.3)).

The simulated values and the values inferred by our measurements
are in very close agreement to each other, however, an investigation
of the errors for these estimates has not been performed.

We used the corner frequency fg, which was estimated with the sim-
ulation and the measured Optical AC coupling gain to simulate a
theoretical OAC transfer function, shown in Figure [5.3

The theoretical transfer function derived in this way agrees well with
the broadband transfer function measurement for frequencies above
5Hz. However, for frequencies below 5 Hz the measured data deviates
from the predicted OAC transfer function stronger than the derived
statistical errors for an unbiased measurement can explain.

5.1.4 Discussion

The deviations of the single frequency modulation measurements from
the simulated OAC transfer function might be caused by other feed-
back control loops of the highly complex alLIGO detector.

An example for a control loop, which could influence the transfer func-
tion measurement is the differential arm length control loop.

aLIGO is currently operated in the DC readout scheme, therefore the
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Table 5.1: Power reduction (, impedance matching a, non resonant mode content
p and Optical AC Coupling gain g, derived from the measurements and predicted
via simulations

C a P g (dB)
simulation 0.0147 -0.068 0.01 11.16
measurement 0.01209 -0.050 0.0096 10.43

power level at the output port is used as error signal for the differential
arm length degree of freedom.An injected power modulation, which
is transferred through the interferometer, would be interpreted as a
change of the differential arm length and would induce feedback of
the control loop applied to the testmasses. This actuation of the dif-
ferential arm length control loop could then produce additional power
modulation in reflection of the coupled cavity.

The performed simulations did not take such couplings into account,
even though they have the potential to bias the results of our transfer
function measurement. Hence, a closer investigations of power mod-
ulations couplings like this should be performed.

Taking into account the work towards an implementation of OAC at
GEO 600, which is presented in Section [5.2], an extensive noise char-
acterization of the noise reflected from the power recycling cavity at
aLLIGO should be performed. Based on the results of this charac-
terization process, potential noise sources will have to be reduced,
before further efforts of implementing an OAC based power stabiliza-
tion feedback control loop should be undertaken.

Due to digital control interface of the power stabilization feedback con-
trol loop at aLIGO, an OAC based power stabilization could easily be
implemented in parallel to the existing power stabilization feedback
control loop and would allow for further testing at aLIGO.

As discussed in Chapter an overcoupled OAC power stabilization
feedback control loop has yet to be demonstrated and would require
additional electronics to induce a phase flip between frequencies below
and above the cavity’s corner frequency. In a simple implementation
the OAC sensor could be primarily used for frequencies above 1Hz in
an (electronically) AC coupled feedback control loop.
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5.2 Investigations of OAC at GEO 600

GEO 600 is a 600 m long gravitational wave detector, located in Ruthe
(Germany), about 20 km away from the AEI in Hannover. The arms
of the Michelson Interferometer are folded once, which increases effec-
tive arm length to 1.2 km, with the additional benefit of locating the
end test masses of the interferometer inside the main building.

Within the course of this thesis measurements similar to the aLIGO
measurement described beforehand were performed. Furthermore,
first steps towards an implementation of the OAC technique into the
power stabilization feedback control loop of GEO 600 are presented.

5.2.1 Optical Layout of GEO 600

A simplified sketch of the optical layout of GEO 600 is shown in Fig-
ure 5.4

GEO 600 uses an Enhanced LIGO 35 W laser system B, IEJ], which
was installed in 2011 and will be referred to as the eLIGO front-end.
The system consists of a 2W NPRO Innolight Mephisto, which is am-
plified in a solid state amplifier configuration to the final output power
of 35W.

The NPRO is similar to the one described in Chapter [4] and there-
fore has two actuators for frequency modulation, namely a PZT and
a peltier element.

The eLIGO front-end provides two additional amplifiers: an acousto
optical modulator, which is used as actuator for the power stabiliza-
tion feedback control loop and a broadband EOM, which is used as
actuator for the frequency stabilization scheme explained in Section
6.2.2

Directly behind the front-end the beam is transmitted through a re-
mote controlled attenuation stage, which consists of a remote con-
trolled half wave plate and a PBS.

The laser beam passes a resonant EOM (EOMT), which is used to
imprint phase modulations required for the frequency stabilization of
MC1, before it enters the vacuum envelope. It is coupled through a
first suspended mode cleaner cavity called MC1 and passes two res-
onant EOMs (EOM2 and EOM3), which again imprint phase mod-
ulation sidebands. Downstream of the EOMs the beam is coupled
through a second suspended mode cleaner, referred to as M C2. Both
mode cleaner cavities filter the beam with respect to geometry, fre-
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Figure 5.4: A simplified version of the GEO 600 optical layout. Several alignment
mirrors have been neglected in this sketch, to reduce the number of optical com-
ponents to a minimum required for understanding the methods described in this
section. The sketch therefore includes the optical resonators of GEO 600, the pho-
todiodes for their control, the photodiodes used for the OAC experiments and
the coupled cavity formed by the power recycling mirror and the signal recycled
Michelson interferometer.
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quency and power fluctuations. The initial design of these mode
cleaner cavities can be found in ], however, the mirrors of the
mode cleaners were exchanged in 2012 with mirrors having higher
transmissivities to reduce stray-light and radiation pressure effects
with the additional benefit of a higher optical throughputﬂlTl]].

In transmission of MC2 the beam is sent through a Faraday isola-
tor (not shown), a broadband EOM (EOM4) and a Faraday isolator,
before it enters the main interferometer through the power recycling
mirror MPR.

The interferometric layout of GEO 600 has some differences compared
to the aLIGO detectors ﬂﬁ] Both interferometers use signal and
power recycling, but GEO 600 does not employ additional resonators
in the interferometer arms. Instead the power recycling cavity has
a high Finesse of approximately 3000. To increase the effective arm
length of the interferometer the arms are folded with a so called fold-
ing mirror (MFn and MFe for the folding mirrors in the north and
east arm)[113].

Analog to the aLLIGO detector, the Michelson interferometer can be
described as a compound mirror with variable reflectivity, which cre-
ates a coupled cavity with the power recycling mirror.

The specific optical layout of GEO 600 creates some unique challenges.
With the beam splitter, a large transmissive optic is placed into the
high gain power recycling cavity. This can lead to strong thermal
lensing in the BS and an increased conversion of light from the fun-
damental mode of the PRC into higher order spatial modes, which in
turn can creates secondary issues in operating the interferometer.
Several correction and mitigation techniques have been developed
@] Currently, a ring heater is used to change the radius of
curvature of the MFe to allow for high power operation.

Every transmissive component, lenses, Faraday isolators, and EOMs
can be subject to thermal lensing effects as well , ]

The mode matching optimization between M C2 and the power recy-
cling cavity was intentionally chosen to be ideal for the higher input
powers, which are desired in the future operation of the detector ﬁﬁ]
At the current laser power input levels of GEO 600 this results in a
mode matching coeflicient p =~ 0.07.

The photodiodes, which are essential for the understanding of the mea-
surements describe in this chapter will shortly be introduced here.
In refection of both mode cleaner resonators, a dedicated photodiode
is uses to create error signals for the frequency stabilization described
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in Section A photodiode placed in reflection of the power re-
cycling cavity PDpR ref1 creates the error signal for the PRC. The
reflected light is separated from the incoming beam with the Faraday
isolator, described earlier.

The in-loop PD1 and OOL sensor PD oo for the power stabilization
feedback control loop are placed in transmission of M C2.

To monitor the amount of circulating power inside the power recycling
cavity a photodiode PDgs measures a pick-off beam, created at the
beam splitter anti-reflection coating.

A dedicated photodiode PDpa ¢ was set up during the investigations
described in this chapter, which would allow to implement an OAC
based power stabilization since it is designed to be compatible with
the existing electronic infrastructure.

5.2.2 Frequency stabilization

The frequency stabilization scheme of GEO 600 is summarized in this
section, following the description in M]

In first order laser frequency noise does not couple to the readout of a
Michelson interferometer if the arm lengths are matched to each other.
However, this is not the case at GEO 600, where a length difference
referred to as the Schnupp—asymmetry@ is introduced.

Therefore, the interferometer converts residual frequency noise into
power noise at its output and a sufficient suppression of frequency
noise becomes necessary.

We will discuss the frequency stabilization scheme with respect to the
two mode cleaners and the power recycling cavity, since an under-
standing of the feedback control loops is required in section5.2.4l The
stabilization of the differential arm length of the Michelson interferom-
eter and the signal recycling cavity will be neglected here due to their
minor importance for the further scope of this thesisd. The frequency
stabilization between laser and power recycling cavity is achieved by
achieving resonance stepwise in the first and second mode cleaner and
finally in the power recycling cavity:

e In a first step the laser frequency is stabilized to the length of

!The Schnupp-asymmetry refers to a mismatch in the length of the interfer-
ometer arms, which can be used to create an error signal for the Michelson

interferometer @, IE, IE]

2For further information see |
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MCT via the PDH-locking technique, for. EOM]1 is used to im-
print the necessary phase modulation sidebands at 13 MHz and
the error signal is created using the photodiode, which is placed
in reflection of MC1 and the correct demodulation. The feed-
back is applied to the PZT of the seed NPRO for frequencies
below 1kHz and for higher frequencies to the broadband EOM,
which is part of the eLIGO front-end.

This part of the frequency stabilization control scheme will be
referred to as MCl-control loop and reaches a unity gain fre-
quency of 100 kHz.

e To stabilize the laser frequency to length of the second mode
cleaner, phase modulation sidebands are imprinted with EOM2
at 25.25 M Hz and the signal is detected in reflection of MC2.
To acquire the resonance condition feedback is applied to the
length of MCIT, by using coil-magnet-actuators at frequencies
below 1kHz.

For frequencies above 1kHz the feedback signal is added to the
feedback signal of the MC1-control loop. This nested control
loop will be referred to as MC2-control loop and has a unity gain
frequency of 20 kHz. It effectively stabilizes the laser frequency
to the length of M C2, which then serves as frequency reference.

e The last step of the frequency stabilization feedback control
scheme is to achieve resonance in the power recycling cavity.
For this purpose EOM3 is used to imprint phase modulation
sidebands at 37.16 MHz and the photodiode PDpg ;ef1 is used
to create a PDH error signal. Feedback is applied to the length
of MC2 for frequencies, below 1kHz via coil-magnet-actuators.
For higher frequencies the broadband EOM (EOM4), which is
placed in transmission of MC2 is used to change the phase/fre-
quency of the laser light incident to the power recycling cavity.
This part of the frequency stabilization control scheme will be
referred to as the PRC-control loop and reaches a unity gain
frequency of 20 kHz.

5.2.3 Transfer function measurement and calibration

To measure the OAC transfer function at the GEO 600 detector, a
swept sine amplitude modulation was injected with a FFT analyzer
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(Type: HP 35670A) into a dedicated injection input of the amplitude
stabilization feedback control loop. In contrast to the aLIGO mea-
surements it was feasible to measure with a swept sine modulation
over the full frequency range, since the frequencies of interest are sig-
nificantly higher due to the linewidth of about 20 Hz of the coupled
cavity, formed by the power recycling mirror and interferometer.

Estimation of the coupled cavity corner frequency

Before the OAC transfer function measurement, the corner frequency
of the coupled cavity was estimated by measuring the transfer func-
tion of the coupled cavity according to Equation 2.37, which relates
the incoming modulations to the resonator internal modulations.
This measurement is analog to an OAC transfer function, however,
instead of using a photodiode in reflection of the coupled cavity, a
photodiode measuring the resonator internal modulations is required.
The sensor for the amplitude modulations incident to the PRC was
provided by the out-of-loop sensor of the power stabilization feedback
control loop PDpo1, which is placed in transmission of the second
mode cleaner.

At GEO 600 the circulating power inside of the coupled cavity is con-
tinuously monitored with a dedicated photodiode PDgs. This pho-
todiode measures a pick-off beam, which is created at the imperfect
anti-reflection coating of the interferometer beam splitter. The trans-
fer function measurement is shown for two different input powers in
Figure [5.5]).

The corner frequency could then be estimated for the different input
powers of the interferometer and showed only minor deviances from
fo = 19.8 Hz. To simplify the fitting of the OAC transfer function
measurements later, this corner frequency was fixed to make the OAC
gain parameter g the only fit parameter.

Measurement of the OAC transfer function

Measuring an OAC transfer function always requires two photodiodes
to measure incoming and reflected power modulations. The incoming
light was measured again with the OOL detector PDpo1, while the
reflected power modulation was measured with the PDpg ref1, which
is the sensor used to create an error signal for the power recycling
cavity frequency stabilization feedback control loop.

97




5 Optical AC coupling for gravitational wave detectors

gain(dB)
3

P17,f, =198Hz ———
P40,f, =198Hz ———

-135 |
-180 |
-225 - -

1 10 100

frequency (Hz)

phase (deg)
©
o

Figure 5.5: Measurement and fit of the coupled cavity corner frequency for two
different input powers. Since both measurements yield very similar results, the
curve for P40 is shifted by 6 dB and 45° for better visibility. The curves fitted to
the measurements point to a corner frequency fo = 19.8 Hz

To account for any optical or electronic gain differences between both
photodiode a transfer function between the two photodiodes was mea-
sured with a misaligned Michelson interferometer. In this situation,
the light is completely reflected by the power recycling mirror MPR
and a precise measurement between both photodiodes can be per-
formed. Since both photodiodes are placed downstream of the power
attenuation stage, which is used to control the total input power of
the interferometer, both photodiodes will be affected equally by dif-
ferent interferometer input powers. Hence, this transfer function can
than be used to normalize the OAC transfer function measurements
for the all input powers.

As stated earlier, the mode matching of the power recycling cavity is
optimized for higher input powers than currently injected into the in-
terferometer. Therefore, the mode matching coefficient p is expected
to become smaller for higher input powers of the interferometer, which
should then result in different OAC gain factors g (see Section B.3)).
A higher input power, however, leads to a stronger thermal lens in the
interferometer beam splitter as well, which can increase the amount
of higher order TEM modes inside the interferometer@]. The exci-
tation of higher order modes inside the interferometer is an additional
loss channel and can change the impedance matching of the power
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Figure 5.6: OAC transfer functions measured at GEO 600 for different input power
level, with and without thermal compensation applied by the ring heater (indicated
by the letter ¢). The best fit is shown together with each measurement in a lighter
color. The legend gives the value for the single fit parameter g

recycling cavity.

Hence the OAC transfer function was measured for different input
powers. The interferometer was locked in the robust heterodyne-
ﬁoﬁo [%I])id lock losses and the output mode cleaner was unlocked

? Y ] *

The ring heater at the folding mirror was used to compensate for the
thermal lens in the beam splitter for the higher input powers P40 and
P60 8. The optimization process is routinely performed by minimizing
the optical power leaving towards the dark port of the interferometer,
which is the standard figure of merit used by GEO 600 so far.

Results and parameter estimation

Figure shows the optical AC coupling transfer function measure-
ments acquired at the GEO 600 detector for different input powers
and different compensation levels applied with the ring heater%. Us-

3The ring heater compensation for P60 was set to the the optimal setting for P40
as well, for technical reasons

4The transfer function measurements are noisy, compared to the transfer func-
tion measurements performed in the laboratory experiment (see Section [4.4.T]),
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ing Equation OAC transfer function were fitted to the data to
estimate the Optical AC coupling gain factor g.

The Optical AC coupling gain factor increased for higher input powers
of the interferometer. An additional improvement of the OAC gain
factor was achieved by the ring heater compensation for the higher
input powers as described above.

It is possible to estimate the mode matching parameter p and the
impedance matching a with the equations and 3.33] if the DC
reduction ( is measured in parallel for each lock stretch.

The measured values for ¢ and the OAC gain g are presented with
the estimates for p and a in Table [5.2.3l

As expected the estimated mode matching coefficients are smaller
for higher input power. At the same time the impedance matching
changes to higher values of a, which indicates a stronger undercoupled
situation for higher input powers.

The change in impedance matching then becomes beneficial to the
achievable gain of the OAC transfer function measurement, as illus-
trated in Figure 5.7l This plot is equivalent to Figure 3.3l and shows
the achievable OAC gain for the different mode matching values p
from table [5.2.3] in dependence of the impedance matching.

Reaching the optimum OAC gain factor g for the estimated mode
matching coefficients at all power levels would require stronger under-
coupling of the coupled cavity. This is even more pronounced for the
lower input powers.

Another interesting aspect can be found by looking at the fitted
parameters for the compensated and uncompensated P40 measure-
ments. As indicated by the estimated impedance matching values the
losses inside the interferometer increased for the compensated situa-
tion, which is the opposite of what is desired for an ideal use of the
thermal compensation.

This in turn would question suitability of the total optical power at
the dark port as the figure of merit for the optimization of the ring
heater compensation.

To judge if this indicated trend is significant the errors of these esti-
mations have to be evaluated.

which might be attributed to the high excess power noise in reflection of the
power recycling cavity (see Section [5.2.4])
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5.2 Investigations of OAC at GEO 600

Table 5.2: Power reduction (, impedance matching a, non resonant mode content
p and Optical AC Coupling gain g, derived from the measurements and predicted
via simulations

state input power ¢ a P g (dB)
P17 14W 0.072  0.02 0.072 1.93
P25 2w 0.07 0.035 0.069 3.23

P40 3.2W 0.057 0.053 0.054 5.35
P40c 3.2W 0.058 0.067 0.054 6.11
P60c 4.8W 0.07 0.145 0.050 8.58

10 w T
p=0.050 ——
p=0.054 — P60,c (0.145, 8.58)
p=0.069 ——
8 I _p=0.072 —— ]
= P
) | |
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T 4l .
9
I
° P25(0.035, 3.23)
5 i
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impedance matching a

Figure 5.7: Estimated impedance matching and Optical AC coupling gain on gain
curves for different mode matchings coefficients p. These curves are equivalent to
Figure[3:3land each curve shows the dependence of the OAC gain factor g from the
impedance matching for a fixed mode matching coefficients p. For every estimated
mode matching coefficient of the coupled cavity of GEO 600 the OAC gain factor
g could, in principle be increased by a bigger impedance mismatch.
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5 Optical AC coupling for gravitational wave detectors

Error estimates

If a and p are estimated using the equations and [3.33] , it is
straightforward to estimate the error in those estimations, depending
on the uncertainties in measuring ¢ and g: First the partial derivatives
of p(¢,g) and p((, g), with respect to g and ( are determined:

pe= pleyg) = +f(g;f;)ng§§j 2 (5.7
ac=gralte)= 2 (5.9
4 = peallg) = s (5.10)

The estimate of the error Ap((, g,Al,Ag) and Aa((, g,Al,Ag), then
depends on the uncertainties in the measurement of ¢ and g:

Ap = \/(Pc A%+ (pg - Ag)? (5.11)

Aa=/(ag AL + (ag - Ag)? (5.12)

An exact determination of the uncertainties A and Ag is difficult to
obtain. Hence a coarse estimation for these errors is presented.

In the case of the uncertainty Ag we can for instance calculate the dif-
ference between each measurement point ggatq (fn) and the according
fit value grit(fr,) to calculate a value comparable to a standart devi-
ation.

Agus = \/ZN(gdata(fnh)j — grie(fn)?) (5.13)

This procedure was performed for every transfer function measure-
ment and a resulting error contribution was estimated.

The FFT analyzer (Type: HP 35670A) has a defined measurement
uncertainty of gmeqs = 0.4 dB, which contributes to the measurement
€rrors M’ Furthermore, we assume an uncertainty A¢ = 0.01 in the
estimation of the DC reduction at a gravitational wave detector.
The individual contributions and the total resulting errors for the es-
timates of p and a are shown in Table [£5.2.3] and 5.2.3 respectively.
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5.2 Investigations of OAC at GEO 600

Table 5.3: Errors for mode matching estimates. The error for the mode matching
is dominated by the uncertainty in the power reduction measurement (

‘ Pg-Agsa Pg: AGmeas Pc-0.01 ‘ p£Ap
P17 | 0.00002 0.00002 0.0099 | 0.072 £+ 0.099
P25 0.00012 0.00003 0.0096 | 0.069 + 0.096
P40 0.00016 0.00034 0.0089 0.054 £ 0.09
P40c | 0.00009 0.00005 0.0084 | 0.054 +0.084
P60c | 0.00789 0.00083 0.0031 0.05 + 0.038

Table 5.4: Errors for impedance matching estimates. The error for the impedance
matching is dominated by the uncertainty in the power reduction measurement ¢

‘ ag -Agsa  Ag - Agmeas ag-0.01 ‘ a+Aa

P17 0.0005 0.0005 0.0030 | 0.02 +0.0031
P25 0.0019 0.0006 0.0056 | 0.035 % 0.006
P40 0.0015 0.0006 0.0105 | 0.053 £0.011
P40c | 0.0007 0.0007 0.0130 | 0.067 £+ 0.013
P60c | 0.0079 0.0012 0.0255 | 0.145 £ 0.027

The errors are dominated by the uncertainty in the estimation of the
power reduction in reflection of the coupled cavity. With the current
total error estimates a final statement about the suitability of the total
dark port power as figure of merit can not be fully resolved. However,
a better estimate of the power reduction ¢ would allow to get more
insight about this issue.

5.2.4 Towards an implementation into power stabilization
feedback control scheme

The first experiments towards the implementation of an OAC based
power stabilization feedback control loop were conducted within this
thesis.

As a precursor to these experiments a dedicated new photodiode, re-
ferred to as PDpoac (see Figure [5.4]), compatible with the electronics
of the power stabilization feedback control loop was installed in the
reflection path of the power recycling cavity. The photodiode was op-
timized to detect a photocurrent of 0.3 mA, which is equivalent to a
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Figure 5.8: Excess relative power noise measured in reflection of the locked
GEO 600 detector for different PRC-gain settings. Compared to the standard gain
setting (0 dB) the excess noise increases for reduced gain settings.

shot noise level of 3.2- 1078 Hz~1/2,

It was characterized with an unlocked and misaligned interferometer
by using PDpoac as in-loop sensor for the power stabilization feed-
back control loop. The out of loop performance seen by PDpoo1 was
comparable to the normal in-loop photodiode PDyy of the power stabi-
lization feedback control loop, despite the different relative shot noise
level.

The OOL power noise of an OAC based power stabilization feedback
control loop using the OAC photodiode should increase in the shot
noise limited regions.

However, using the OAC photodiode as an in-loop sensor with a locked
interferometer resulted in a highly unstable power stabilization feed-
back control loop.

Further investigations revealed an increased level of relative power
noise detected by PDgac with a locked interferometer. The relative
excess power noise level was approximately 1-107°Hz~1/2 and could
also be detected with the PDpg ref1. An additional coherence mea-
surement between both photodiodes confirmed that both photodiodes
were detecting exactly the same noise.
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5.2 Investigations of OAC at GEO 600

As the conversion of frequency noise to power noise has been a ma-
jor noise contribution in every OAC experiment so far, a logical next
step was to check for a connection between the excess noise and the
remaining frequency noise.

An easy approach to observe the excess power noise for different lev-
els of frequency noise is to change the gain of the power recycling
frequency control loop (see Section [5.2.2]). Since this feedback control
loop already operates at its stability margin, the only possible adjust-
ment is a gain reduction.

Reducing the PRC-gain resulted into an increased excess relative power
noise, measured in reflection of the PRC with PDpoac and PDpR reft,
see Figure 5.8, The relative excess power noise is shown for dlfferent
settings of the PRC gain, 0 dB is the standard gain setting used at
GEO 600f4

As a further reference Figure [5.8 and Figure show the relative
power noise, which is incident to the power recycling cavity and mea-
sured by PDpoor. The relative shot noise level of PDgac is shown
to illustrate the distance between the excess noise, and the relative
power stability, which was targeted for the first OAC based power
stabilization experiment.

An alternative way to influence the remaining frequency noise is to
change the gain of the frequency control loop, which stabilizes the
laser frequency to the length of MC2. Since the loop is nested this
can be achieved by changing the MC1-gain, which affects the locking
of the laser to the length of MC1, which in turn is stabilized to the
length of MC2.

This loop also operated close to instability and an increase of the gain
required to upgrade the electronics with faster operational amplifiers.
The upgraded electronics helped to increase the loop gain by 5.1 dB for
all frequencies, and reaching a unity gain frequency of about 160 kHz
instead of 100 kHz.

A further increase of the bandwidth would require significant changes
especially to the high voltage electronics used to drive of the broad-
band EOM of this control loop.

Figure shows the noise curves for two different gain settings in
the frequency stabilization feedback control loop. As reference level
(0dB) serves the standard gain setting of the control loop, prior to

5The presented measurements were performed using PDpg ref1. However, mea-
surements with PDoac showed exactly the same excess noise.
6The standard PRC-gain setting in the digital control interface for 0 dB is 200
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Figure 5.9: Excess relative power noise measured in reflection of the locked
GEO 600 detector for different MC1 gains. The excess power noise increases for
a gain reduction of 3.2dB. Due to the improvements of the standard gain setting
(0dB), could be increased by up to 6dB resulting into a reduces excess power
noise. The excess power noise in reflection of the PRC is significantly above the
OOL power noise, which is injected into the PRC

the upgrades of the electronics]. Two measurements are shown for
each gain setting to reflect the fluctuating nature of the excess noise.
The cause of this fluctuation could be attributed to different frequency
noise levels for the different measurement times.

Note that the excess power noise is not equally influenced by the gain
of the MC1-loop for all frequencies. At frequencies below 100 Hz an-
other noise source seems to be dominating and will also require further
investigation.

It can be stated that a reduction of the loop gain by 6dB let to a
significant increase of excess power noise in reflection of the power
recycling cavity, while an increase of the gain resulted in a reduction
of excess noise.

"The standard MC1-gain setting in the digital control interface for 0 dB is 110
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5.2.5 Discussion

The initial design for the Optical AC coupling based power stabiliza-
tion feedback control loop implementation at GEO 600 will require a
reduction of the excess power noise in reflection of the PRC by at least
a factor of 40 at a frequency of 400 Hz.

Therefore, a thorough investigation of the noise sources in reflection
of the PRC has to be performed, which also needs to distinguish these
noise sources into conventional sensor noise and OAC sensor noise. A
crucial part of this investigation will be the understanding and reduc-
tion of the frequency noise dependent excess noise, which was found
to be the limiting noise contribution for frequencies above 100 Hz.
At the current stage the exact coupling mechanism is not fully ex-
plained. However, coherence measurements between the reflected
power noise and the error point of the PRC-loop suggest a non-
linear down-conversion process, which converts frequency noise be-
tween 50 kHz and 150 kHz to lower frequencies and thereby produces
the white noise spectrum observed in reflection of the PRC |. Trig-
gered by the excess noise observed in the presented measurements, the
intra-cavity power noise was found to also be affected by excess power
noise for a reduced PRC gain. A numerical time domain model, which
used the calibrated frequency noise spectra from the error point of the
PRC-control loop, could already reproduce the shape of the excess
intra-cavity noise. However, the exact size of the excess noise could
not be projected yet@].

While the work on better estimates and understanding of the con-
version process continues, a further reduction of the frequency noise
conversion could potentially be achieved by further optimization of the
MC1-loop open loop gain shape. Potentially a further increase in the
bandwidth of this control loop could by achieved with an upgrade of
the high voltage electronics driving the broadband EOM. This would
lead to a better noise suppression at high frequencies and a reduction
of the down-conversion process described above.

It should be noted that remaining frequency noise could also be fur-
ther suppressed by mode cleaner resonators with higher Finesse and
therefore better frequency noise filtering. However, due to the high
complexity involved in changing the input optics, and the drawbacks,
which triggered the implementation of the new input optics in 2012
(see Section [5.2.1]), other measures appear better suited as initial mea-
sures to deal with the conversion.

The further reduction of this excess noise contribution will then al-
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low for the investigation of other potential sensor noise sources, with
possible candidates being stray-light effects, beam pointing conversion
or higher order spatial mode excitations (see also Section [3.5 and ﬂﬁ])

5.3 Chapter Summary

Within the scope of this thesis Optical AC coupling has been investi-
gated at large scale gravitational wave detectors for the first time.
The transfer function measurement performed at alLIGO Livingston
agrees well with the estimates inferred from numerical simulations.
However, some deviations between theory and measurement at low fre-
quencies could not be explained by statistical errors and therefore will
need to be further investigated. An OAC gain factor of g = 10.47 dB
was measured, which could potentially increase the performance of
a shot noise limited power stabilization feedback control loop in the
same manner as an increase of the detected photocurrent by a factor
of 11.

The transfer function measurements at GEO 600 were used to deter-
mine OAC gain factors between g = 1.93dB and g = 8.6dB, de-
pending on the input power of the interferometer and the thermal
compensation of the beam splitter thermal lens. An increasing OAC
gain factor g for higher input powers, was explained by a better mode
matching coefficient p and increased losses within the interferometer.
The estimated impedance matching after the ring heater optimization
process indicated increased losses inside the interferometer. However,
the estimate errors for the impedance matching could not fully vali-
date this tendency and therefore a closer investigation should be per-
formed.

A new sensor for a potential implementation of an OAC based power
stabilization feedback control loop was installed but a beneficial use
of an OAC power stabilization feedback control loop was prevented
by excess power noise in reflection of the coupled cavity.

This excess noise is believed to be caused by down conversion of fre-
quency noise from the frequency band between 50 kHz and 150 kHz.
Further suppression of this excess noise is required to get more insight
about additional sensor noise sources for an OAC based power stabi-
lization feedback control loop, which could be masked in the current
excess noise.
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Chapter 6

' Summary

Within the scope of this thesis the Optical AC coupling technique has
been investigated at the alLIGO Livingston detector at frequencies
between 0.3 Hz and 1kHz, at GEO 600 for frequencies between 1 Hz
and 8 kHz and in a dedicated laboratory experiment for frequencies
between 100 Hz and 60 kHz.

The main project of this thesis was the design and construction of
a dedicated laboratory experiment, which allows to investigate Op-
tical AC coupling for frequencies below 4kHz. A major motivation
was the investigation of potential low frequency sensor noise sources
attributed to the OAC technique, which could not be analyzed in pre-
vious experiments.

The core component of the new experiment is a linear optical resonator
with a corner frequency of 2kHz and tunable impedance matching.
To decouple the crucial components of the experiment from acoustics,
the OAC-resonator and the photodiodes used for stabilization exper-
iments were placed inside a vacuum tank, which can be evacuated to
pressure levels below 10 mbar.

Based on the knowledge gathered in earlier experiments, it was possi-
ble to avoid major noise sources which limited earlier experiments and
to set up an Optical AC coupling based power stabilization feedback
control loop with a significantly improved performance at low frequen-
cies. An Optical AC coupling gain of up to 10 dB was reached, which
was mainly limited by an imperfect mode matching between laser and
resonator. The maximum relative power stability of 8- 10~ Hz~1/2
was reached at a frequency of 20 kHz with a detected photocurrent
of ip = TmA. Limitations in the out-of-loop performance of the
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new setup was explained with known noise contributions, except for
a single, yet not understood noise source at frequencies below 2 kHz.
Further investigation into the origin of this noise source is required.

First investigations towards the possible implementations of the OAC
technique at large scale gravitational wave detectors were presented.
An Optical AC coupling transfer function of the coupled cavity of the
aLLIGO detector was measured for the first time and compared with
numerical simulations of the interferometer. The measurements are in
close agreement to the numerical simulations and show an OAC gain
of 10.47 dB.

Similar measurements were performed at the GEO 600 detector. The
optical AC coupling transfer function was measured for different mode
matching coefficients and different settings for the compensations of
the thermal lens in the main beam splitter. These measurements
demonstrated Optical AC coupling gain factors up to 8.6 dB. An im-
plementation of the Optical AC coupling technique in the power sta-
bilization feedback control loop of GEO 600 was prevented by excess
power noise in reflection of the power recycling cavity. This excess
noise was attributed to a non-linear coupling process converting fre-
quency noise from the frequency band between 50 kHz and 150 kHz
to power noise at frequencies below 8 kHz. Upgrades to the existing
frequency stabilization control scheme led to a reduced noise coupling
and therefore further upgrades are considered to be beneficial.

In conclusion, the laboratory experiment tested an Optical AC cou-
pling based power stabilization scheme with previously unattained
sensitivity at low frequencies. Optical AC coupling transfer func-
tions were measured at large scale gravitational wave detectors for
the first time and the first steps towards the implementation of OAC
at a GEO 600 were performed. However, further noise analysis of the
power noise reflected from the coupled cavity of gravitational wave
detectors is essential before such an implementation can become ben-
eficial.
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