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Abstract

Observations of the universe will be conducted with the Advanced LIGO grav-
itational wave detectors starting early 2015. These detectors reach an unprece-
dented sensitivity aiming for the first direct detection of gravitational waves.

Advanced LIGO employs a new high power laser system. The development
and implementation of the high power laser together with a filter cavity called
Pre-Modecleaner, the power- and frequency stabilization systems is described
in this thesis.

Three Advanced LIGO laser systems were characterized over the course of
three years at output power levels of 17 W and 180 W. The laser systems operate
reliably and at their design performance level. For spatial and temporal filtering
of the high power laser beam a bow tie shaped Pre-Modecleaner was designed,
tested and extensively characterized.

Furthermore, the implementation of the in vacuum sensor for the power sta-
bilization is discussed. The performance of the power stabilization is simulated
and the simulations are compared to the measured results. A quantum noise
limited performance over a wide frequency band from 30Hz to 500 Hz was
achieved at a relative power noise level of 3.5 - 1078 //Hz.

The existing frequency stabilization scheme from a prior LIGO configuration
was adapted for Advanced LIGO and the effects impressed by the high power
oscillator, which amplifies the output power up to 200 W, are evaluated. The
high bandwidth feedback control loop which employs a rigid cavity as fre-
quency reference is characterized and a frequency noise measurement is ob-
tained with the Advanced LIGO Input-Modecleaner, a suspended in vacuum
resonator with a round trip length of 32 m.

A high power test in order to study thermal effects in the Input-Modecleaner
is conducted with input power levels up to 120 W.

Keywords: laser characterization, power stabilization, frequency stabilization



Kurzfassung

Beobachtungen des Universums kénnen ab 2015 mit den Advanced LIGO Gra-
vitationswellendetektoren durchgefiihrt werden. Diese Detektoren erreichen
eine noch nie da gewesene Messgenauigkeit, um die erste, direkte Detektion
von Gravitationswellen zu ermdoglichen.

Advanced LIGO verwendet ein neues Hochleistungslasersystem. In der vor-
liegenden Arbeit wird die Entwicklung und Implementierung des Hochleis-
tungslasers sowie eines Filterresonators, genannt Pre-Modecleaner, und der Leis-
tungs- und Frequenzstabilisierung beschrieben.

Drei Advanced LIGO Lasersysteme wurden {iiber einen Zeitraum von drei
Jahren bei Ausgangsleistungen von 17 W und 180 W charakterisiert. Die Laser-
systeme funktionieren zuverldssig und erreichen ihre Designziele. Fiir die rdum-
liche und zeitliche Filterung des Hochleistungslaserstrahls wurde ein Pre-Mode-
cleaner konstruiert, getestet und charakterisiert.

Auflerdem wird die Implementierung eines sich im Vakuum befindenden
Sensors fiir die Leistungsstabilisierung beschrieben. Die Effizienz der Leis-
tungsstabilisierung wurde simuliert und die Simulationen mit den gemesse-
nen Resultaten verglichen. In einem breiten Frequenzbereich von 30 Hz bis
500 Hz wurde eine quantenrauschbegrenzte Stabilisierung mit einem relativen
Leistungsrauschen von 3.5 - 108 /v/Hz erreicht.

Das bestehende Frequenzstabilisierungskonzept einer fritheren LIGO Kon-
figuration wurde fiir Advanced LIGO angepasst und Effekte untersucht, die
durch die Verstarkung des Ausgangsstrahls auf bis zu 200 W mittels eines Hoch-
leistungsoszillators aufgeprdagt werden. Die dazu gehorige Regelschleife, die
mit hoher Bandbreite betrieben wird und einen starren Resonator als Frequenz-
referenz besitzt, wird charakterisiert und das Frequenzrauschen mit Hilfe des
Advanced LIGO Input-Modecleaner, einem im Vakuum aufgehdngten Resona-
tor mit 32 m Umlaufldnge, gemessen.

Um thermische Effekte im Input-Modecleaner zu untersuchen, wurde ein
Test mit Eingangsleistungen von bis zu 120 W durchgefiihrt.

Schlagworter: Lasercharakterisierung, Leistungsstabilisierung, Frequenzstabi-
lisierung
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Introduction

The existence of gravitational waves was predicted by Albert Einstein as a con-
sequence of his theory of general relativity nearly one hundred years ago [Ein16),
Ein18|]. Gravitational waves are perturbations of space-time caused by astro-
physical sources such as binary star- or black hole mergers. As their coupling
to matter is extremely weak they are very hard to detect.

To date no direct detection of gravitational wave has been made. However,
there are observations that imply a strong evidence of the existence of gravita-
tional waves. Hulse and Taylor observed the binary pulsar system B1913+16
and found that the energy loss of the system matches the calculated emission
into gravitational waves [WNT10]. Another result that suggests the existence of
gravitational waves is obtained from the BICEP2 experiment, which observed
a unique B-mode polarization signature in the cosmic microwave background
that implies primordial gravitational waves [Col14].

Efforts for a direct detection of gravitational waves led to the construction
of kilometer scale interferometric gravitational wave detectors (GWDk). A net-
work of [GWDk formed by [LIGOI [AAAT09a]], VIRGO [AAAT12] and GEO600
[GtLSC10] has been established at the beginning of this century. Joint data runs
were performed and the detectors reached an unprecedented strain sensitivity
of 107%. In order to further enhance the sensitivity major upgrades are imple-
mented in the existing detectors, while a new detector called KAGRA is cur-
rently being built in Japan [Som12]. The operation of these, so called advanced
detectors, will start in early 2015 and by the time they reach their design sensi-
tivity the detection of gravitational waves is expected on a regular basis. This
will open a new field of gravitational wave astronomy in the near future.

One key element of the upgrade program is the implementation of a new high
power laser system. In case of Advanced LIGO [HtLSC10], the laser
system is specifically designed to meet the challenging requirements set by the
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GWD [WPK*11, KBD*12]. This thesis describes the design, implementation
and long term characterization of the aLIGO laser systems and their power-
and frequency stabilization.

Outline

In Chapter [2 the detector is described. It is explained how gravitational
waves are measured with a Michelson-Interferometer and the sensitivity of the
detector is evaluated.

Chapter 3| gives a detailed overview of the design of the[@aLIGOllaser system,
which was implemented at both[LIGOlobservatories. It is characterized and an-
alyzed in a long term test. A resonator, called Pre-Modecleaner (PMC), that is
responsible for temporal and spatial beam filtering is described and character-
ized.

Chapter [4 describes the power stabilization scheme for @LIGO] which is de-
signed to stabilize the power noise to a level of 2 - 107°/v/Hz at the input of
the interferometer (IEQ). The control loop was designed and fabricated. The
simulated performance is compared to measured results.

Chapter 5| discusses the nested frequency stabilization control loop, which
employs a rigid reference cavity as a frequency reference. An existing control
scheme is adapted to the laser system. The performance of the control
loop and the resulting frequency noise is analyzed with an out-of-loop mea-
surement performed with the Input-Modecleaner (IMC). Moreover, the [IMClis
tested with an input power of 120 W.

At the end of the thesis important results and implications are summarized
in Chapter|6|



Advanced LIGO

The Laser Interferometer Gravitational-Wave Observatories are two ter-
restrial interferometric gravitational wave detectors in the USA with detector
sites in Livingston, Louisiana, and Hanford, Washington. They have been op-
erating since 2002 in a configuration that is called initial LIGO [AAA™(09a] and
are currently upgraded to improve the sensitivity to the Advanced LIGO con-
figuration [HtLSC10].

Gravitational waves cause perturbations of space-time which stretch and con-
tract the distance between two distant test masses. As the gravitational waves
stretch the space-time in one direction while contracting it in the perpendicular
direction, a Michelson is able to detect this differential length change in the
perpendicular arms. Even gigantic cosmic events produce gravitational waves
that lead to strain amplitudes AL/L of less than 10~? when they pass the earth.

In order to measure length changes with such a high precision, the
detector comprises a 200 W high power laser, state-of-the-art precision optics,
advanced suspension and seismic isolation systems and a sophisticated con-
trol scheme [HtLSC10, [Adh14]. Figure 2.1 pictures an overview of the [aLIGO|
detector. The high power laser beam is generated by a 35W laser and a high
power oscillator as described in detail in Chapter 3] The beam is tem-
porally and spatially filtered with resonators, called (Sec. and an
Input-Modecleaner (IMC) (Sec. [5.4), outside and inside the vacuum system re-
spectively. A maximum power of 125 W will be available in front of the power
recycling mirror (PRM).

The itself consists of a beamsplitter (BS) and two end test masses (ETMs).
Additionally, a to resonantly enhance the power impinging on the[BSand
arm cavities consisting of an input test mass (ITM)) and the ETM] to increase the
storage time of the light in the arms are implemented. The length of the
arm cavities is 4 km and the power stored inside is up to 800 kW. Moreover, a
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Figure 2.1: Advanced LIGO detector layout. The Input-Modecleaner, inter-
ferometer and the readout for the gravitational wave signal are
contained in an ultra high vacuum (UHYV) enclosure. (PSL: pre-
stabilized laser; PRM: power recycling mirror; BS: beamsplitter;
ETM: end test mass; ITM: input test mass; SRM: signal recycling
mirror)

signal recycling mirror (SRM) at the output port of the can, depending on
the tuning, either increase or decrease the power buildup for the gravitational
wave signal [Mee88, Miz95]. An in this configuration is said to be dual-
recycled.

At the output of the an Output-Modecleaner (OMC) filters the beam
in terms of higher order spatial modes and radio frequency (RE) modulation
sidebands, such that they do not contribute to the gravitational wave signal
sensed with a photo detector (PD) downstream of the In order to limit
the amount of light on the readout and to reduce the influence of power
noise (Chap. [) the detector is operated close to the dark fringe, which means
that most of the light is sent back to the PRMI

Compared to the strain sensitivity improves by a factor of 10.
A noise budget for the detector for a power level of 125 W in front of the
[PRM and zero-detuning is shown in Figure The detector is generally lim-
ited by displacement and sensing noise. While displacement noise combines
disturbances that have an effect on the position of the mirrors, sensing noises
sum up noise sources that limit the determination of the mirror position without
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Figure 2.2: Advanced LIGO noise budget with 125 W input power upstream the
[PRMland zero-detuning of the SRM|[GWI13]. The detector is limited
by quantum noise in the most sensitive frequency band. However
around 60 Hz the coating thermal noise contribution is on the same
level than the quantum noise.

the presence of displacement noise. Advanced LIGO is limited in the most sen-
sitive frequency band by noise arising from the quantum vacuum fluctuations
entering the detector at the output port. In an without signal recycling and
arm cavities quantum noise is described as linear spectral density by [Sau94),
Chap. 5]

2 2
1 hcA 1 T’LPBS

Pquantum = L < 27‘[PBS> + (W 2713(:?\) 1)
with m being the mirror mass, c the speed of light, Pgs the laser power in front
of theBS, L the arm length, A the wavelength of the light and f the Fourier
frequency. The first term in Equation describes the photon shot noise con-
tribution and the second term accounts for quantum radiation pressure effects.
For a dual-recycled configuration with arm cavities the pole frequency of
the arm cavities and the effects from the signal recycling cavity (SRC) have to be
added [BCO1]]. The detector sensitivity is also limited as well by coating thermal

noise around 60 Hz, which imposes noise at the same level than the quantum
noise contribution.
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For a quantum noise limited high power lasers are important to im-
prove the sensitivity at high Fourier frequencies. However, for commissioning
activities and first science runs the laser power is attenuated before entering the
vacuum system as risks of damaging optical components with a high power
beam should be reduced during the testing of the control system. The con-
struction of the detector is planned to be completed early 2015 with the
demonstration of a two hour lock of the full instrument. The first science run
is planned for three month in 2015 and the detectors design sensitivity will pre-
sumably be reached in 2019 [RftL13].



Advanced LIGO laser and Pre-Modecleaner
characterization

High power lasers are an essential part of the upgrade to the second-generation
of gravitational wave detectors, because the input power of the determines
the shot noise limited sensitivity of the detector at high Fourier frequencies.
In comparison to the first generation of [GWDk the laser power increases from
10W to 200 W for the second generation. Since the needs to be operated
with a single frequency, fundamental Gaussian mode input beam, higher order
spatial modes have to be filtered before the beam enters the Consequently,
high fundamental mode content and single frequency operation are two of the
requirements for the@LIGOllaser system.

In the past high power lasers with output power levels up to 65 W have been
built for [GWDk. All of them generate infrared light at 1064 nm and follow
two different concepts for the high power generation. While the earlier
lasers were master laser power amplifier [SKS98, ESW™07], VIRGO, GEO600
and TAMA used injection locked laser systems [BBC™02, ZBD"02,[AtTCO5]. For
the laser both concepts are combined.

In addition to the laser systems that were installed at the two obser-
vatories, a Reference System is operated since 2010 at the Albert Einstein Insti-
tute (AEI) in Hannover. This system serves as test bed for upgrades before they
are implemented at the [LIGO| observatories. Furthermore, in an experiment
with the high power beam generated by the laser 134 W at a wavelength
of 532 nm by second-harmonic generation were demonstrated [MWD10]. A dif-
ferent experiment achieved 83 W in a ninth order Laguerre-Gaussian (LG) mode
[CBE"13} Bog13].

In the first part of this Chapter (Sec. the characterization of the laser sys-
tem for is described and important parameters for laser stabilization are
introduced. Focus is put on the reliability and diagnostics of the system. More-
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over, an optical resonator, called Pre-Modecleaner is described in Section
that is responsible for filtering the higher order spatial modes that are present
in the laser beam. Additionally, the PMC]is a filter for beam pointing fluctua-
tions, power- and frequency fluctuations at radio frequencies.

3.1 Laser characterization

A high fundamental mode content is only one aspect that makes a laser source
suitable for the use in [GWDk. Other important parameters are power noise,
frequency noise and pointing noise. The requirements for those properties are
very strict and a robust operation is demanded. These fundamental parameters
are introduced in Section[3.1.1} A description of the@LIGOllaser system is given
in Section and the possibilities to perform laser diagnostics with a tool
called diagnostic breadboard (DBB), is referred to in Section Afterwards
the results of the laser characterization are presented (Sec. and an outlook
on a laser for next generation (Sec. concludes the first part of this
Chapter.

3.1.1 Fundamental parameters

The concepts and parameters that are introduced in this Section are important
throughout the thesis, as they are the basics for laser characterization. The anal-
ysis of noise is usually performed in the frequency domain obtaining linear
spectral densities from the signals of interest. The output signal of a gravita-
tional wave detector is most sensitive between Fourier frequencies from 10 Hz
to 10kHz. However, requirements for the laser exceed this frequency band in
some cases, as non-linear effects like up conversion or noise due to heterodyne
signal readout call for certain noise limits in a wider frequency band.

Gaussian beams

Laser beams are transversal electromagnetic waves. They can be described
as Gaussian beams with z being the direction of propagation. A fundamen-
tal Gaussian beam is one solution of the paraxial Helmholtz equation with a
complex amplitude [ST91| Chap. 3.1]:

2

U(p,z,t) = Up(t)- wu()i) exp(— ws(z)>exp(—i(p(p,z)) (3.1)
w = 2 (3.2)
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Uy(t) is the time dependent amplitude, w(z) the beam radius, w, the beam ra-
dius at z=0, p? = x* + y? and ¢ the phase; A denotes the wavelength of the laser
beam and z, the Rayleigh range, at which the beam size is v/2w,. For z >> z, the
half divergence angle Op of the Gaussian beam is defined as

Op = . (3.3)

Beside fundamental Gaussian beam there are other solutions of the paraxial
Helmholtz equation. A special set of function that form an orthogonal, complete
basis are Hermite-Gaussian (HG,,) and Laguerre-Gaussian (LGj,) polynomials
and the indices indicate the mode order [ST91, Chap. 3.3, 3.4]. Like the funda-
mental Gaussian beam they have paraboloidal wavefronts and are important
for the description of laser beams since they can appear as modes of a resonator
with spherical mirrors.

Frequency noise

The frequency of a laser is related to its wavelength via

A= (3.4)

c
5
Frequency noise describes fluctuations of v. Frequency fluctuations can also be
described as fluctuations in the phase as both properties are closely related.

Power noise

Intensity I and power P of a Gaussian beam are defined as:

I(p,t) = [U(p,t)P (3.5)
P(t) = Jdpl(p,t) (3.6)

A sophisticated device to measure the power noise is a Since a [PDJ cannot
resolve the terahertz frequency of the laser beam, as it is bandwidth limited due
to its internal properties and the readout electronics, it cannot measure the elec-
tric field directly. Instead it can measure the energy transfer to the PDImaterial

and consequently the power of the beam. Thus, power noise is only accessible
within the PDIbandwidth.
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A normalization of the measured power P(t) by the average power (P(t)) is
called relative power noise

RIN = (P(t)) =

— =

.
JdtPﬁ) (3.7)
0

The calibration of power noise in units of is convenient to compare mea-
surements that are taken at locations with different power levels.

Pointing noise

Fluctuations of the beam position, so called pointing noise, are expressed as a
mixture of translational and angular deviation from a reference beam. Pointing
is described as a complex quantity € with [And84, KSWD07]

ox .0«
= —+i—.

wo  Op
The translational fluctuations are normalized to the beam waist and the angular
fluctuations to the half divergence angle. Therefore two measurements of e can

be directly compared independent of their location with respect to the optical
system.

€ (3.8)

Amplitude- and phase modulation

The electric field of a wave with the complex amplitude U (Eq. (3.1)) is de-
scribed by the wave function

u(t) = U(t) cos(wot + @(t)) = R(ae'®t) (3.9)
a(t) = U(t)exp(ip(t)) (3.10)
with angular frequency w, and time dependent phase ¢(t). Small deviations
in amplitude and phase can be considered as amplitude and phase modula-

tion sidebands at the modulation frequency w4 around the carrier field at wy,
which are obtained by [Miz95]:

aame " = ag(1+ mam cos(Wmoat))e "
= Q (eiwﬂt -+ %ei((vOermod)t + %ei(wofwmod)t) (3'11)
apme' @t = qg - exp(impy cos(Wpmoqat))e' 0" (3.12)
= ao (eiwﬂt + i%ei(wOermod)t + i%ei(wl)*wmod)t + O(m2)>

!Relative power noise is historically often referred to as relative intensity noise and since RPN
is associated with radiation pressure noise the abbreviation RIN will be used in this thesis.

10
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The strength of the modulation is given by the modulation index m and ay is
the time independent amplitude of the field a. In both cases there is an upper
sideband at wy + wmeq and a lower sideband at wy — wmeq. Frequency fluctua-
tions are very similar to phase fluctuations, as the frequency is the derivative of
the total phase ® = wyt + @(t). Hence a frequency modulation can be written
as a phase modulation [Hei99]

MEM

d(t) = Jdt(wo + Mep SIN(Wmodt)) = wot — cos(Wmoqt)) (3.13)

Wmod

which has a strength of mgy and depends on the modulation frequency. A
frequency modulation can be described as a phase modulation with modulation
index

mey = M (3.14)

Resonator

Optical resonators in different configurations are utilized for experiments con-
ducted in this thesis. Hence, general properties of resonators are reviewed in
this Section.

The spacing between neighboring resonance frequencies is defined as free
spectral range vgsg [ST91, Chap. 9.1]

c
= 3.15
VESR L. ( )

which depends on the resonator round trip length L,; and the speed of light c.

An incoming light field can be resonantly enhanced by the resonator. In order
to achieve a high power buildup inside the resonator internal losses have to be
very small. Moreover, the phase matching of the incoming field U;, and the
circulating field U is important. The resonant enhancement of the incoming
tield is expressed as [ST91, Chap. 2.5]

Llin

ucirc (Dr — N .
(©x) 1—12- exp(—iDy)

(3.16)

r is the amplitude reflectivity of the in- and outcoupling mirrors and @, de-
scribes the phase accumulated after one round trip. Here it is assumed that no
internal losses are present. In case the of negligible internal losses and if both
the in- and the outcoupling mirror have the same transmissivity the resonator
is called impedance matched.

11
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Another characteristic resonator property is the finesse J which accounts for
internal losses [ST91, Chap. 9.1]:

yjes VESR
F ~ IR

T 2 v (3.17)
For a high finesse resonator the finesse also represents the ratio of free spectral
range and the resonator linewidth, that is the full width at half maximum of the
resonance peak.

Resonators are often used because they filter the impinging beam temporally
and spatially. This is due to the fact that light that is phase shifted and ac-
cordingly not exactly aligned with the center of the resonance peak does not
experience the full power buildup inside the resonator. Comparing the power
buildup of a field at resonance with a phase shifted one yields

. _ 2 2
UCIrC(®rt) - 1 T’ . % 1 r . 2 = 1- hYs (3'18)
Ueirc(0) 1—12-exp(—i®p) ~ 1—72(1—i2¥)  1+i
1—1?
Vo = VPSR ( " ) (3.19)
2
Oy = (3.20)
VESR

For @,; < 27t the reduction in the power buildup shows a single pole low pass
behavior, called resonator pole, with v = *2* as pole frequency. If the carrier of
an amplitude modulated beam as described in Equation is resonant in the
resonator, the amplitude modulation sidebands are attenuated in the trar;imit—
— Vmod

ted beam. The amount of attenuation can be obtained by inserting @, = =~
in Equation (3.18).

3.1.2 The Advanced LIGO laser

In 2001 the development for the laser started since no high power laser
with sufficient noise characteristics’] was available at that time. A first version
of this continuous wave system was set up in the lab and an output power
of 213 W at 1064 nm was demonstrated [FWB"04, FWKFQ05]. This prototype
was chosen to be the basic design for the observatory systems. As in-
termediate step an engineering model of the laser was developed and tested
in Hannover [P6l09] before the setup of the systems that were delivered to
the [LIGQ sites started. The technical details of the systems are reported in
[WPK™11, Win12, Pun11]. In the following the laser system is briefly described.

2The laser requirements are listed in [WKSF1T].

12
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As shown in Figure [3.1| the high power generation for the laser is split
into three stages. Due to the monolithic design and its low noise properties,
a 2W non-planar-ring-oscillator (NPRO) (Mephisto 2000 NE LIGO, Innolight)
was chosen as master laser [KB85]. The beam is further amplified to
35 W by a four stage Nd:YVO, amplifier [FSW™07].

To provide more than 200 W the third stage consists of a high power ring os-
cillator that is injection locked to the 35W laser. The itself has four laser
heads with Nd:YAG crystals and generates more than 170 W output power, but
without a seed laser there is no preferred direction for the emission of pho-
tons and hence laser light is traveling in both directions towards the and
towards the A Faraday isolator protects the seed laser from the beam trav-
eling back towards the

Due to polarization dependent elements in the beam path towards the [EQlthe
output beam of the needs to be linearly polarized. Therefore a Brewster
plate inside the ring oscillator increases the loss for one polarization direction
below the laser oscillation threshold.

Seven laser diodes with a wavelength of 808 nm are combined to pump each
of the four laser heads with a total power of approximately 250 W each. The
conversion efficiency from pump light at 808 nm to laser light at 1064 nm is
on the order of 30%. This is due to the quantum defect, optical losses and
thermal effects in the laser crystal. Since 70 % of the pump light are transferred
to heat one major problem is the cooling of the laser crystals. For the
the laser crystals are housed in a chamber and a turbulent flow of water is
surrounding them. Thus the cooling is very efficient, but at the same time water
turbulences create vibrations of mechanical parts that increase the noise on the

laser table (Sec. 5.4.1).

In order to keep the length stable one mirror in the resonator path is
mounted on a piezoelectric transducer (PZT) which is itself attached to a DC
translation stage. Thus fast length fluctuations can be compensated with the
[PZT and slow length changes with the DC translation stage, called long range
actuator (LRA). While the PZT has a range of approximately 5.5 um, the LRA
range is several millimeters.

The 35 W laser seeds the and if the resonance frequency of the oscillator
matches the seed laser frequency the[HPO|will be forced to adopt the frequency
noise properties of seed laser. Additionally, the will be forced to mainly
emit photons into the direction of the seed laser beam. This technique is called
injection locking and similar to an effect first observed by Huygens, who recog-
nized that two clocks very close to each other eventually run synchronous. This
underlying principle works as well for other type of oscillators including lasers

[Zaw(03), [Sie86| Chap. 29].
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Figure 3.1: Schematic of the laser, diagnostic breadboard and Pre-
Modecleaner. The high power beam is generated by a 2W
that is amplified to 35 W and then injection locked to the high power
oscillator. The injection locked system is capable of producing more
than 200W of output power in a nearly diffraction limited beam.
Further temporal and spatial beam filtering is applied by the PMCl
The is used for beam characterization.

To ensure a robust long term stability the slave laser needs to track the fre-
quency of the master laser to stay in the injection locking range. This is imple-
mented by a Pound-Drever-Hall (PDH) locking scheme [Bla01, DHK*83] that
uses a feedback control loop which actuates the length of the while track-
ing the phase of the master laser. Injection locking the two lasers has the benefit
that the high power generation in the slave laser can be separated from the low
noise design of the master laser and the output beam still has the noise proper-
ties of the master laser.

The drawback of this configuration is that the laser output power cannot be
continuously adjusted. If the high power oscillator is switched off, the output
power of the system is 17.5 W because 50 % of the light is transmitted towards
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3.1 LASER CHARACTERIZATION

the incoupling mirror of the oscillator and blocked. This configuration is called
low power mode (LPM) of the laser. In principle it is possible to put an addi-
tional HR mirror in the beam path such that 35 W are directed to the
When the high power stage is enabled the injection locked system produces
up to 220 W. However, as further resonators which are part of the only
support light in the fundamental Gaussian mode, an aperture at the output of
the high power oscillator blocks light emitted into a corona around the main
beam and hence the power that can be used for the main experiment does not
exceed 190 W. This configuration will be referred to as high power mode (HPM).

Acoustic enclosure

The chiller and the pump diodes are housed in a dedicated room separated from
the area where the low noise experiments take place. Optical multimode fibers
guide the pump light to the laser room.

The laser system is located in a class 1000 cleanroom. It is very important that
the laser is in a clean environment as particles in the beam path and on optical
components lead to scattering and thus reduction in the beam quality. In some
cases particles can permanently damage the optics.

To prevent vibrations due to acoustic excitations, the cleanroom walls were
designed such that they also act as an isolating acoustic enclosure. The laser
room is connected via a sealed pipe to the viewport of the first vacuum chamber.

fan filter units (EFUk) in the ceiling of the laser room ensure frequent air ex-
changes and filtering through high-efficiency particulate absorption (HEPA) fil-
ters. However, these are only enabled when personnel are inside the laser
room as they cause noise via vibration and air currents.

3.1.3 Laser diagnostics and interlocks

For the characterization of the laser, to ensure long term stability and to im-
plement safety interlocks, continuous monitoring of many laser parameters is
required. Therefore photodetectors are installed to monitor power levels at dif-
ferent locations and to sense the [RE error signal for the injection locking. Fur-
thermore flow sensors monitor the water flow of the cooling water and temper-
ature sensors are installed to keep track of the temperatures of the laser diodes.

The photodetector design is customized such that the noise properties can be
individually optimized. Four types of are used in the[@aLIGOllaser. For the
injection locking, a fast[PDlwith a bandwidth of more than 80 MHz is used. The
power monitoring is done with 3 mm indium gallium arsenide
for the 1064 nm light and silicon for the pump light. To measure power
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noise with a high quantum efficiency such as 2 mm Excilitas
are used.

Due to the complexity of the high power laser (HPL) the data from many sen-
sors are used to control interlocks. There are power watchdogs that monitor
the output power of the system and shut it down in case it drops below a pre-
defined value. Since the cooling water is essential to protect the system from
overheating a loss of cooling water flow shuts the system down immediately.

Diagnostic Breadboard

While monitoring power levels and water flows happens continuously, the di-
agnostic breadboard (Figure is a device that is placed outside the laser box
for further diagnostics. It has the capability to characterize important proper-
ties of the laser beam such as power noise, frequency noise, pointing noise and
higher order spatial mode content using a 135 mW pickoff. Most of the mea-
surements utilize the three mirror ring cavity with a finesse of 365 and a free
spectral range (FSR) of 715MHz. A detailed description of the is given in
[KSWDO07]. Both a fraction of the output and the 35W laser output can be
analyzed individually. Due to regular measurements at the sites, a
robust long term behavior of the laser system can be assured.

Besides other measurement methods the modescan technique was found to
be the most accurate way to determine the higher order spatial mode content of
a laser beam [KSWDO07]. The decomposition of the test beam into a set of cav-
ity modes, for example Hermite-Gaussian (HG) modes, is done by a variation
of the resonator length of the Since most of the higher order modes are
not degenerated due to the round trip Gouy phase [Sie86] of the resonator, the
power in the modes can be determined from the signal of the[PDlin transmission
of the resonator. The fundamental mode content of the test beam is specified as
the ratio of power in the fundamental mode divided by the total power of the
beam.

As an example Figure 3.2 shows the modescans of the [HPL]at the LIGO Liv-
ingston Observatory site and the Reference System in Hannover. Although
the modescan was found to be the most accurate technique to characterize the
higher order mode content of a test laser beam, the measurement just reveals an
upper limit due to the fact that there are only spherical lenses to mode match the
test beam to the resonator. Hence, ellipticity and astigmatism of the beam
cannot be compensated and appear to first order as HG,y and HGp, modes. In
Figure [3.2| the position of other higher order modes are marked for further
reference. The results of the modescans will be discussed in the following Sec-
tion[3.1.4

Due to a fundamental symmetry breaking of three mirror resonators and
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Figure 3.2: Modescan of the high power laser. The laser beam can be decom-
posed in higher order spatial HGl modes by analyzing it with the
DBBl resonator.

since the reflectivity of the mirrors and their penetration depth is different for a
beam in vertical and horizontal polarization, a sharp peak appears almost in the
middle of the FSR for light in vertical polarization with respect to the resonator.
During the installation at the sites an additional polarizer was added in
front of the to suppress the peak in the modescan caused by light in the
vertical polarization.

To determine the power noise for Fourier frequencies up to 100MHz, a PD
upstream of the [DBB| resonator detects 50mA photo current. This leads to a
shot noise limited sensitivity of 2.5-10~°/+/Hz[RINlup to 60 MHz.

The frequency noise of the test beam can be determined by measuring fre-
quency fluctuations with respect to one of the resonator resonances while
it is locked to the fundamental mode with a scheme. Control and error
signal are used to determine the frequency noise. The measurement relies on
the assumption that the length noise of the resonator is lower than the equiv-
alent frequency fluctuations on the test beam. To reduce this length noise the
resonator is housed in a tank that serves as acoustic enclosure.

Moreover, the [DBB| can determine the pointing noise on the test beam. The
spectrum of € (Eq. is directly measured for the two angular and two trans-
lational degrees of freedom. It can be directly obtained by using the resonator
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eigenmode as reference and characterize the test beam with differential wave-
front sensing (DWS) [MMRW94] on split PDk, which are two Rayleigh ranges
apart from each other and in reflection of the resonator.

All measurements are automated and the is fully controlled by the con-
trol and data system (CDS).

3.1.4 Results of laser characterization

After the installation of the laser systems and stabilization a set of measure-
ments was performed to inspect the stability of the systems. The results of the
measurements are presented in this Section, the characterization of the beam
downstream of the PMC| with further stabilization is addressed in Chapters
and 5l

Operating the system in[LPMlit takes only a few minutes for the laser to warm
up and reach its thermal equilibrium. In[HPM operation, however, the
requires approximately five minutes until the injection locking to the 35 W laser
works reliably. Nevertheless, resonator length changes that are compensated by
the PZTl occur with a linear slope within the first few hours of operation before
leveling. Up to this point it is recommended to keep the LRAldisabled to avoid
an operation far from the [LRAk reference point.

The unity gain frequency (UGE) for the injection locking control loop is lim-
ited by the PZT] resonances of which the first one is at about 30 kHz [Win12].
Thus the injection locking servo is equipped with notch filters that are adjusted
individually for every laser system. The control loop is robustly locked with a
of 10kHz on all three systems. Enabling the [LRA|the system does not re-
lock due to environmental temperature changes of more than 3 K which is above
the expected temperature variation of the laser area enclosure [WPK™11].

As mentioned in Section the spatial beam profile is determined by the
modescan technique. Table 3.1 contains a list of the modescan measurements at
various sites for the 35 W laser and the injection locked [m The results are
considerably different due to a number of reasons that can distort the measure-
ment. First of all alignment and modematching of the test beam with respect to
the resonator have to be perfect. While a perfect alignment is always pos-
sible the modematching accuracy is restricted to a limited choice of lenses. The
modematching was not fully optimized for the 35 W laser modescan at the Ref-
erence System. Secondly, there are different beam path from the amplifier and
the to the of which the amplifier one contains several more optical
components that can introduce additional pointing noise, ellipticity or astig-

3The errors given in table [3.1] are statistical errors. Other deviations, for example due to mis-
alignment, are not included.
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matism to the beam and mimic a worse spatial beam profile. Moreover, the
is equipped with an aperture at its output. Its diameter varies between 1.6
and 2.6 mm and is chosen during laser installation. A perfect beam alignment
towards the aperture is essential to avoid diffraction. The best modescan re-
sults, namely the LIGO Livingston Observatory (LLO) amplifier and Reference
System measurement are compatible to the results that were achieved by
measuring a single NPRO beam [KWO08].

A comparison of the laser [RIN] was performed with the DBB as well and is
depicted in Figure Since the Reference System is not located in a dedicated
room with acoustical shielding the environmental noise is higher than the one at
the sites. Generally, the noise in [HPMlis higher at low frequencies which
could be caused by a higher amount of scattered light that reaches the [PD), al-
though the PDlwas carefully shielded. At Fourier frequencies above 100 Hz the
noise of the HPM] reaches the same level as the noise measured in LPMl How-
ever, there are additional sharp peaks in the spectra above 1kHz. Besides
the ones which are caused by electrical cross couplings at the mains frequency
of 50Hz in Europe and 60 Hz in the US and their harmonics, additional peaks
appear due to mechanical resonances of components in the The relative
power noise in [LPMl is dominated by fluctuations of the pump light and the
NPRO power noise, which both are at the level of 1-10~7/ VHzto1-107¢/vHz
[ESW 07, KWO08§].

Scattered light was found to be a problem in many power stabilization exper-
iments and was already characterized for the Reference Systems power stabi-
lization in [Bog13]. To further minimize scattered light a bolometer in reflection
of the[PMC|was replaced with a silicon carbide (SiC)) beam dump with very low
back scattering and residual transmission through high reflective (HR) optics
were blocked as well.

Power noise was also characterized for RH frequencies (Fig. [3.4). The noise
caused by relaxation oscillation [Sie86, Chap. 25.1], which occurs at ap-
proximately 1 MHz. Above 1 MHz the power noise decreases with a f2

laser system 35W laser HPO downstream of the
Reference System 3.7%=+0.07% 2.8%=+0.1%  0.5%=£0.01% (in [HPM)
L1 2.4%=0.03% 5.3%=£0.18%

H1 4.2%+0.02% 5.4%+0.15%

Table 3.1: measurement of the higher order mode content for lasers at var-
ious locations. These numbers ca be considered as an upper limit for
the higher order mode content as the laser beam could not always be
perfectly modematched to the resonator.
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Figure 3.3: Comparison of laser unstabilized power noise in [HPM and [LPMl
In [HPM] the noise level is increased could be due to scattered light
which interferes in the measurement process. The noise in [LPM] is
dominated by power noise and [RIN] of the pump light.

slope. There is additional filtering in [HPM]| due to the passive power noise sup-
pression of the resonator [OVHT00]. Although seed laser power noise
above half of the injection locking linewidth is not resonantly enhanced in the
slave laser cavity, it is reflected at the input coupling mirror of the and still
present in the output beam [Zaw(03]. The measurements are shot noise limited
above 10 MHz in[HPM|and 20 MHz in[LPM|and electronics noise limited above
60 MHz. Residual amplitude modulation (RAM) at the phase modulation side-
band frequency of 35 MHz is stronger by a factor of five in[HPM| This might be
caused due to a static offset in the injection locking control loop.

The advantage of the acoustic enclosure is most obvious by looking at point-
ing noise. Measurements of the pointing noise were performed when the LIGO
Hanford Observatory (LHO) laser system was first installed in the H2 laser area
enclosure and are shown in Figure Vibrations of the[FFUk and the air that is
blown onto the table are the dominating noise sources up to Fourier frequencies
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Figure 3.4: RIN measurement at radio frequencies in high- and low power
mode at LLO. The measurement is shotnoise limited above 10 MHz
(20MHz in Ipm) and electronics noise limited above 60 MHz. Due to
the injection locking linewidth the HPO filters power noise at radio
frequencies.

of approximately 200 Hz. Compared to the measurement with disabled
the noise level at low frequencies is elevated up to one order of magnitude in
[HPMl and more than two orders of magnitude in[LPMl Some of the peaks in the
100 Hz to 1 kHz band are caused by vibrations of the cooling water that supplies
the even if the laser is operated in[LPM| By a change in the water distribu-
tion the noise was further reduced as described in Section Similar to the
RIN| measurement, peaks above 1kHz only appear in the[HPM| measurement.

Compared to the data taken at the Reference System the pointing noise at
below 10Hz is significantly reduced due to the shielding of the acous-
tic enclosure. However, in high power mode scattered light could limit the
measurement at low Fourier frequencies, such that the noise reduction due to
acoustic shielding covered in the measurement.

The frequency noise can also be measured with the [DBB| and follows the
NPRO characteristics of 10kHz/+vHz/f as measured in [KWO08]. This is de-
scribed in more detail in Chapter 5/in the context of frequency stabilization.
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Figure 3.5: Comparison of pointing noise in [LPMl and [HPM| with fans enabled
and disabled. These measurements were performed in the H2 laser
area enclosure in December of 2011. The measurements in [HPM]
could be limited by scattered light at low frequencies. In low power
mode the benefit of the acoustic enclosure is apparent below 10 Hz,
since the noise at is up to one order of magnitude below the
noise of the Reference System.

Long term stability

One major aspect in the design of the laser system was the long term stability
and reliability. Regular measurements are used to check the noise charac-
teristics. The laser is continuously operating and only interrupted for occasional
commissioning.

Although only a few watts of laser power are required in the early stage of the
[FOQ|lcommissioning the laser systems were operated for at least a few months in
[HPMl Thereby the robustness of the system was tested. Afterwards the lasers
were operated in [LPM|without changing the internal alignment. Switching the
laser on again after several months, the overall performance did not change
considerably. Worries that the laser diodes show aging effects even if they are
switched off could not be confirmed.

In Figure [3.6| the output power trends for the laser and the Reference
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Figure 3.6: 900 day power trend from July 2011 to February 2014 for the
laser and Reference System. The behavior of the laser output power
and the power transmitted through the PMClis displayed. It is pos-
sible to attenuate the light before it enters the Commissioning
efforts particularly at caused many power drops in the
trend due to relocks. Temperature changes in the laser enclosure

impose alignment drifts resulting in a power decrease of the trans-
mitted light through the PMCl
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System are shown as well as the power transmitted through thePMClwhich will
be addressed in Section[3.2.3] Each data point displayed in Figure 3.6 represents
an one hour average of the power such that peaks between the power levels of
17W and 160 W are instances where the operated for a very short time.
Overall there is only one major downtime for the Reference System which is
due to a laser diode box that needed to be replaced?] There are more short
downtimes of the [LLO laser due to site power outages that occurred during
heavy weather.

Laser diode degradation

It is the goal to operate the laser at the optimum working point. Hence, the
power that is provided by the pump diodes should be kept constant and con-
sequently the thermal lens in the laser crystal does not change. Due to aging
the pump diode power degrades over time and this effect is compensated by
increasing the current and adjusting the temperatures for the pump diodes. All
four diode boxes are equipped with seven pump diodes that could pro-
duce in total 315 W. Derating the current such that the output power is reduced
by 20 % helps to increase the lifetime of the diodes. An 35W laser diode box
contains four laser diodes, which are derated as well.

Laser diode currents and output power are shown in Figure 3.7/ for the Refer-
ence System. When the diode box is new, there is no need to adjust the current
for a long time. At the end of the lifetime it is necessary to increase the current
once per week. The average lifetirn of the[HPOldiode boxes is 12000 hours, the
35 W laser diode box need to be refurbished approximately every 12800 hours.

3.1.5 Future development

Although the second generation of is not fully commissioned yet, de-
signs for laser systems with possible application in third generation are
discussed. There are three main aspects that are considered. At first a more
compact design, secondly a laser power increase and the third aspect is switch-
ing to a different wavelength.

So far large scale interferometric have been operating with solid state
lasers, but the rapid development in the field of high power fiber laser systems
make them a promising candidate as light source for the next generation of
[GWDks. Advantages of fiber lasers are the compact design and in case of an all

At the LIGO sites a diode box swap can be done in a day. Due to a lack of laser diodes there
was a long, scheduled downtime for the Reference System.
5This includes the data from five samples of each type of diode box.
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Figure 3.7: Relative power level of the Reference Systems diode boxes and cor-
responding currents. The diode box currents are raised to keep the
output power at the optimum working point when aging effects oc-
cur in the pump diodes. A refurbishment of the diode boxes is re-
quired when the maximum current of 65 A is reached.

fiber system there is no need for any laser realignment after the system is set
up. A 300W fiber laser with the same design parameters as the @LIGO laser
has been developed [TSNK12] and is currently in a long term test. In Advanced
VIRGO a 100 W fiber laser system will be implemented [GBM™*10].

To increase the laser power further while keeping properties such as single
spatial mode and single frequency operation has been a problem for many years
in fiber- and solid state laser development. This is mostly due to non-linear ef-
fects in case of fiber lasers and thermal effects as well as aberrations in case
of solid state lasers. An alternative approach is to coherently combine two or
more lasers to increase the output power. A table top experiment performed
by the author of this thesis with a coherent combination of two fiber amplifiers
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demonstrated an output beam with a combining efficiency of more than 95 %
with 97 % fundamental mode content at 21.3 W [TPN™11, Ttin13]. Other exper-
iments using the same technique scaled the output power up to 1.4 kW [Elo11].

Since current and future gravitational wave detectors are quantum noise lim-
ited an increase of laser power does not increase the sensitivity over the entire
measurement band as radiation pressure noise (RPN)) also increases with higher
laser power [Sau94]. In the design study for the Einstein Telescope (ET)) [Tealll,
a proposed European third generation detector, two types of are planned.
The first one operating at 500 W which improves the sensitivity at high frequen-
cies and a second one with a 3W laser at 1550 nm wavelength that provides a
good sensitivity at low Fourier frequencies. Changing the laser wavelength to
1550 nm is required when silicon test masses are used which is advantageous in
a cryogenic environment to further reduce the influence of thermal noise.

3.2 Pre-Modecleaner

The laser output beam is transmitted through a resonator called Pre-Modecleaner
[WUG™98]. It is responsible for filtering the spatial beam profile and acts as a
passive filter for power and frequency noise above the cavity pole frequency.
Furthermore it suppresses pointing noise [RSS™81]. Another advantage of the
[PMClis, that its eigenmode sets a stable geometric reference for the beam paths
on the laser table. Thus in case the laser needs to be realigned the output beam
only needs to be matched to the cavity eigenmode.

Design considerations of the PMCl are discussed in Section and the con-
trol loop explained in Section[3.2.2} The performance of the differentPMCk built
for is evaluated in Section and two methods to determine a Gouy
phase shift due to thermal effects are discussed in Section [3.2.4]

3.2.1 Design

The is a bow-tie shaped, four mirror resonator with a round trip length of
2.02 m and therefore a[FSR|of 149 MHz. Three mirrors are glued to an aluminum
spacer and the fourth mirror is attached to a [PZT] which is then glued to the
spacer (Fig. [3.8). The size of the spacer is 507 mm x 160 mm x 80 mm and inside
holes with a diameter of 13 mm are drilled. All mirrors are tilted by 5.6 degree
around the vertical axis with respect to the input beam. The first prototype of
the was characterized in [PSI09].

Acoustic excitations causing fluctuations in the resonator roundtrip length
are suppressed by placing the PMC inside a pressure tight tank (Fig. [3.8). It
is clamped in place with rubber in between the spacer and the tank. The tank
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Figure 3.8: top: Sketch of aluminum PMC spacer and beam path. Three mir-
rors are glued directly onto the spacer. A [PZTlis placed between
the fourth mirror and the spacer that is used as actuator for the
length stabilization control loop. bottom: Assembly of which
is clamped in the pressure tight tank. Rubber pads isolate the
from its surrounding. The PMCis equipped with heat pads on both
side for length actuation by thermal expansion of the spacer and has
BG39 filter mounted near the mirrors to block reflections from the
tank windows.
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is equipped with wedged, AR coated windows that are mounted under a 15
degree angle, such that parasitic beams, caused by residual reflections of the
windows, are not aligned with the main beam axis.

There are two flat mirrors with a transmission of 2.4 % that are used as in-
and outcoupling mirrors for the main beam. The other two mirrors are curved
with a transmission of 68 ppm and a radius of curvature (ROC) of -3 m, which
yields two beam waists. One waist is in between the flat mirrors with a radius
of 548 um and the other in between the two curved mirrors with a radius of
712 um. In contrast to the prototype the transmission of the curved mir-
rors was increased from 3 ppm to 68 ppm, because the stabilization downstream
of the two ports requires more power than assumed at first.

For resonator length adjustment the [PZT] can be driven with a high voltage
of up to 382V that results in a round trip length change of 2.4 um. However,
this is not enough to compensate elongations of the spacer due to long term
temperature drifts and effective optical path length changes caused by air pres-
sure drifts. Hence, two heater pads are mounted to the spacer that are able to
thermally extend the spacer by several hundred micrometers.

The finesse of the is 129 and the pole frequency of 578 kHz respectively.
Above the pole frequency the resonator acts as passive low pass filter for power
and frequency fluctuations. This is important for the signal to noise ratio (SNRJ)
of RE phase modulation sidebands at several MHz that are imprinted on the
beam downstream of the

The round trip Gouy phase is 1.75rad which corresponds to 0.28 FSR. Ac-
cordingly the power in the HGy; and HG;y modes are suppressed by a factor
of 3969 which yields a pointing noise suppression of 63 [Mue05, KSWDO07]. A
circulating power of 6 kW is reached with an input beam power of 150 W and
a peak intensity of 1.7-10'° W/m?. Other resonators had not shown a long term
degradation due to a damage of the optics caused by similar intensities.

Finite element analysis of Pre-Modecleaner

For the characterization of noise it is important to know the resonance frequen-
cies of certain components. A finite element analysis was performed to deter-
mine the mechanical resonance frequencies of the spacer. Although the
is mounted inside the tank the simulation was done with the aluminum
spacer in an unconstrained environment. This is a very general approach, as
neither the exact material properties of the rubber that the PMC|sits on nor the
torque that is applied to the clamps was well known.

Table 3.2 contains a list of mechanical resonance frequencies up to 10kHz.
Even if those might shift in case the PMC is clamped inside the tank, adding
more constrains will shift the resonance frequencies to higher values. Two of
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i

Figure 3.9: Two resonant modes derived from the finite element analysis of
the spacer. The upper mode has a resonance frequency of
1522.5 Hz and the bottom one 5026.6 Hz.

these modes are shown in Figure The top mode has the nodes roughly at
the location where the clamps are (Fig. such that clamping the will
not improve the suppression of this mode. The picture on the bottom shows a
mode where the whole spacer is stretched and contracted in the beam direction.
This mode will have most impact on the round trip length and might be as well
excited by the[PZTl

The rubber that is used for clamping in between the aluminum parts will
improve the damping of the mechanical resonances.

Mode Frequency Mode Frequency Mode Frequency

1 1522.5Hz 6 5026.6 Hz 11 9085.6 Hz
2 2302.4Hz 7 53579 Hz 12 9397.6 Hz
3 2592.8Hz 8 6354.4Hz 13 9719.2Hz
4 3713.5Hz 9 6963.2 Hz 14 9778.8 Hz
5 4609.7 Hz 10 8242.1 Hz 15 10273 Hz

Table 3.2: Table of resonance frequencies of unconstrained PMC spacer up to
10 kHz.
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3.2.2 Control loop

In a Pound-Drever-Hall scheme the PMC length is locked to the laser frequency
via a feedback control loop as shown in Figure The phase modulation side-
bands that are required for the locking are produced by the EOM down-
stream of the The sidebands are reflected from the because they
are outside the cavity linewidth such that the sideband strength at the is
halved when the is switched off due to the 50 % reflectivity of the in-
coupling mirror. However, in addition to this effect the[SNR|lon the[PM]locking
[PDlis considerably better in[LPM), because the carrier amplitude is about a factor
of 10 weaker resulting in a 10 times less attenuation of the beam in front of the
Furthermore switching laser power modes adds 180 degree of phase to the
error signal, because the carrier signal is either reflected at the incoupling
mirror or at the apparently overcoupled An offset in the injection locking
control loop spoils the PMCI[PDH] error signals because the phase modulation
sidebands are not symmetrically around the carrier any more.

The PM( locking is done with analog electronics to achieve a high
It contains an automated locking logic that is changing the resonator length.
When the is on resonance with the laser frequency the feedback control is
enabled. After alock loss the logicis able to acquire lock within 65 ms (averaged
value). The speed of the length control loop is limited by mechanical resonances
of the[PZT], which are at approximately 30 kHz. A notch in the servo electronics
is adjusted for each PMC individually to suppress the first[PZT] resonance.

Once the PMC is locked a slow, digital loop controls the spacer temperature
via the heater pads such that the[PZTlis kept in the middle of its dynamic range.
The heater control loop is about 0.3 Hz.

Figure displays the control loop transfer functions of the PMCk at the
various sites. The measurements for[LHOland the Reference System are similar
and they both reach a of 8 kHz with a phase margin of 76 and 55 degree
respectively. However, the[LLOlloop gain is limited due to a resonance that had
been at 8 kHz after the pre-stabilized laser (PSL) installation and looking at the
same measurement over a two year period of time the feature shifts dynamically
towards lower Fourier frequencies.

Installing a notch filter for the resonance a of 2kHz is still achievable,
but with a very small phase margin of 13 degree. At the moment it is unknown
what the reason for this behavior is. It could be an undamped resonance of the
PMC spacer that shifts due to a changing force applied by the clamps, but so
far there is no indication for an issue like this. Another possible explanation
could be a change in the stiffness of the [PZT material due to improper glueing
or mechanical failures.
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Figure 3.10: Transfer functions of PMC control loops. While the Reference Sys-
tem and LHO measurements look similar with a of 8 kHz the
LLO one has a resonance in the kHz regime that is dynamically
shifting. Therefore the is only 2kHz with a phase margin of
13 degree.

3.2.3 Performance of PMCs

For the project seven [PMCk were built and characterized in total. The
measured results are compared to the simulated ones in Section[3.2.1} Table
shows the results from the characterization. From the finesse and Gouy-phase
measurement and static values like resonator round trip length many other pa-
rameters can be deduced. This includes internal power buildup, resonator pole
frequency, total internal losses, of the mirrors and waist sizes. Apart from
that the beam position on every mirror was measured to verify that the eigen-
mode is not clipping inside the resonator.

The results of the finesse measurement are in accordance with the simula-
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tions. Instead of 129 the average value for the finesse is 130, while 136 is the
highest and 125 the lowest value that has been measured. The pole frequency
varies accordingly between 548 kHz and 596 kHz.

The Gouy phase, however, is much lower than expected. The simulation
predicted a Gouy phase of 1.75rad and the measurement average is 1.7 rad or
0.271 FSR. Most likely the of the two curved mirror deviates from the tar-
get specification. A Gouy phase of 1.7 rad corresponds to -3.15m [ROC which
in turns leads to waist sizes of 561 ym and 715 um. The Gouy phase for the
first prototype PMC that is equipped with curved mirrors from another batch
of substrates was 1.72 rad and therefore already smaller than the specified

The filter effects of the were characterized in [KBD™12, P5109]] and are
summarized here. The output beam of the PMC of the Reference System was
measured with a second and an upper limit for the higher order mode
content of 0.5 % was obtained. A power noise suppression of 21dB at 9MHz
was verified and determined by the use of the optical AC coupling technique
[KWDO08] that made it possible to measure a corresponding power noise level
as low as 2:1071%/+/Hz. At the Reference System the pointing noise suppression
is hard to determine at low Fourier frequencies because of environmental dis-
turbances. The expected pointing noise suppression of 63 could be confirmed
for Fourier frequencies of 20 Hz and higher.

Frequency noise is as well filtered above the PMC pole frequency, but can
also contribute frequency noise (Sec. [5.2). Figure shows a frequency noise
measurement from the acquired PMC| control and error signal at the Reference
System. During the measurement the frequency stabilization servo (ESS) was
operating to guarantee that the laser frequency noise is not the dominating noise
source. Compared to a typical NPROl frequency noise, the noise caused by PMC|

®Spacer with other S/Ns were fabricated, but not equipped with mirrors.

PMCS/NP finesse Gouy-phase [FSR]

002 133 0.271
005 135 0.271
008 125 0.272
009 136 0.274
010 125 0.271
011 125 0.272
012 134 0.268
average 130 0.271

Table 3.3: List of measured finesse and Gouy phase values for the PMCk that
were produced for
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Figure 3.11: Measurement of the length noise of the PMC. The laser frequency
noise during the measurement was reduced by a separate control
loop. If the lid of the acoustic housing is removed the length noise
increases at low Fourier frequencies.

length fluctuation is below the trace up to Fourier frequencies of 20 kHz,
except for a few peaks from 400 Hz up to 2 kHz. Above 10 kHz the measurement
is electronics noise limited.

The origin of the peaks are probably due to vibration of mechanical compo-
nents either of the PMC itself or on the beam path towards it, which are im-
printing phase noise at their resonance frequencies. While the results of the
finite element analysis in Section did not indicate that the peaks below
1.5kHz are from the PMC spacer, they could be caused by the tank which has
resonance frequencies as low as 650 Hz.

In a second measurement the noise contribution of the in a tank with
closed and opened lid was investigated. With the lid open the length noise de-
teriorates considerably at low Fourier frequencies and an increase of a peak at
750Hz by more than a factor of two is observed. The unstabilized laser fre-
quency noise is further characterized and discussed in Chapter

The beam path towards the[PMClis only equipped with spherical lenses. Thus
a mismodematch due to ellipticity and astigmatism cannot be compensated.
The power in transmission of the at the Reference System and is
shown in Figure Without changing the state of the laser and because of the
robust configuration of the feedback control loop the power in transmission of
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the is stable for a long time. However, it does not exceed 160 W, which is
an indication that a fraction of the power is lost on the way towards the[PMC|or
is distorted by optical elements in the beam path. More than 20 W difference in
the laser output power compared with the transmitted power is more than ex-
pected from the modescan measurement. However some power is diffracted by
the power stabilization acousto-optic modulator (AOM) as described in Chap-
ter 4 At[LLOlthe transmitted power is sometimes below 20 W even though the
laser is in[HPMI In this case the light is attenuated directly at the output of the
laser.

Long term power degradation

Observations at revealed that the power of the beam reflected from the
window increased several watts after operating the for nine month
most of the time in[LPMl Inspecting the window under a microscope showed
residuals on it at the location where the beam enters and leaves. It did not
appear to be a permanent damage as the residuals could be cleaned off the win-
dow with alcohol. These residuals were found on the input and output window,
whereas the two windows at the monitoring ports did not show any contami-
nation. Moreover, it was also found on the anti reflective (AR)) surface of the flat
PMC mirrors.

The at[LHOland the Reference System showed the same characteristic.
However, the effect was less evident as the system at[LHOIwas not operating for
such a long time and the lid of the Reference Systems[PMClhad been frequently
opened due to commissioning activities.

Recognizing that the issue seems to be less severe if the PMC tank is open,
one plausible explanation is that there is an outgasing material inside the PMC|
tank and photochemistry in conjunction with the strong laser beam occurs. This
effect could increase the reflectivity of the optical surface.

Despite the contamination on the [AR| surface of the optics the losses inside
the PMC did not increase significantly. A finesse measurement confirmed no
change compared to the data taken after the was built. According to the
simulations, a change lower than 0.1 % for the absorption inside the resonator
can be observed with the available precision of the finesse measurement.

Fourier transform infrared spectroscopy (ETIR) analysis of the contamination
on the window surface was performed. The result did not show any aliphatic
hydrocarbon.

Since the performance of the PMC without the lid did not get significantly
worse inside the laser area enclosure the[PMC|tank was left open, such that out-
gasing substances do not accumulate in the pressure tight tank. In this config-
uration the windows and mirrors did not show an increasing reflectivity
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while operating more than a year.

3.2.4 Thermal lens analysis

The suppression for higher order spatial modes depends on the Gouy phase
of the resonator, since higher order [HG,, have an additional phase of (m+n)¢
[KTAAMO7] and ¢ describes the Gouy phase that the beam accumulates during
one resonator roundtrip. Hence, there is nearly no suppression for ®,; = (m +
n)¢ ~ 2qm (Eq. (3.18)) with q being an integer number. Furthermore, the Gouy
phase depends only on the resonator geometry, such as round trip length and
ROC of the curved mirrors.

For the PMCl design simulations were done to make sure that the round trip
Gouy phase is such that higher order modes with mode orders less than
15 are well suppressed. Due to the aperture inside the clipping losses
increase with the mode number and therefore modes with a high mode order
are suppressed anyway. A round trip Gouy phase of 1.75rad was chosen as
result of the simulations. However, the results of the PMCl characterization (tab.
revealed that the Gouy phase is lower, which is most likely because the
of the curved mirrors is higher than the design specifications. Consequently,
modes of fourth order experience an additional phase shift close to 27t if the
resonator is resonant for the fundamental Gaussian mode.

Since the intensity inside the[PMClis very high, absorptions in the optics lead
to thermal lensing effects [BGF™03, HV90, WDRS91]], which effectively increase
the of the mirrors and thus decrease the Gouy phase. For other resonators
thermal effects were characterized in [UGFB97, BLFBOS8|]. Furthermore, contam-
inations on the mirror surface yield higher absorption. A Gouy phase mea-
surement contains information about contaminations on the mirror
surfaces which are not accessible and cannot be cleaned.

To evaluate the round trip Gouy phase of the PM(] at the Reference System,
a in transmission of the PMC was used. The suppression of the [HGl, and
[LGly was measured while the incident power on the PMC was ramped from
100 W to 153 W. Thus, an equation for the power dependent Gouy phase was
derived [KBD™12]:

((P) =1.73rad — 848 - 10 °P %. (3.21)

As there is no second [DBBlin transmission of the PMC] at the [LIGOl observa-
tories, another possibility to check the power dependence of the Gouy phase is
by misaligning the input beam towards the[PMC| impressing phase modulation
sidebands (Eq. (3.12)) and sweeping the modulation frequency. The misalign-
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ment increases the power in the [HGl modeﬂ As the[HGly mode is presumably
not exactly on resonance of the PM(] the sidebands are swept up to the point,
when one of them is resonant along with the fundamental mode. Thus, one
[Hd,, sidebands will be transmitted, while the carrier [HGl, and the other side-
band will be reflected. There are two possibilities to obtain the round trip Gouy
phase with a Either a in transmission of the PMC is used to determine
the beat signal of the[HGl, sideband and the fundamental mode. Since they are
orthogonal this signal can only be detected if the[PDIsenses only a fraction of the
beam for example by placing an aperture in front of it, that breaks the symme-
try of the electrical field. The correct modulation frequency is set by maximizing
the power of the beat signal. In principle there is also a power increase in the
DC signal, which is hard to detect because the power fluctuations might be too
strong. Since the power stabilization sensor is as well in transmission of the
[PMC]it cannot be used to improve the signals Alternatively the signal in
reflection of the PMC can be measured, which contains an amplitude modula-
tion of the beat signal from the [HGl, carrier and the reflected sideband. This
method is easier to apply as there is already a high bandwidth [PD]in reflection
of the PM(| that is used for locking.

3.3 Summary

To summarize, this Section gave an overview of the @LIGOllaser and the PMC|
design. The performance of the laser (Sec. and [PMQ (Sec. is
evaluated. A long term study was conducted, which revealed that the laser
system is operating robustly within the requirements set by the This was
regularly checked by output beam characterization measurements with the
and other[PD|data that are recorded continuously. When the system operates in
high power mode excess noise is present that is added by the Laser sys-
tems at both observatories and the Reference System in Hannover have
been probed for three years without major downtime in and [LPM|

The results of the laser characterization show the distinct advantage of having
the acoustically shielded cleanroom laser enclosure (Sec. B.1.4). Both the
long term stability of the laser and the noise performance benefit from the low
noise, dust free environment.

Section summarizes the development and problems of lasers for future
generation of It is most likely that fiber lasers will be chosen due to their
compact design and the fact that they do not require beam alignment. Coherent

’Since the [HGly and [HGhs experience the same round trip Gouy phase [HGly is used as a
synonym for both of them in paragraph.
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beam combining was introduced as method to further scale the laser power
without having to deal with non-linear effects in optical fibers at high power
levels.

Furthermore the design of the Pre-Modecleaner was described (Sec.
that is responsible for spatial beam filtering, power noise suppression at ra-
dio frequencies and pointing noise suppression. For seven were
built and the test results are according to the design specifications (Sec. [3.2.3).
However, problems with contaminations inside the tank were found and
addressed. As a result the lid of the PM( tank was removed to mitigate the
problem. A method to determine the Gouy phase is described in Section [3.2.4]
which can be used to track absorptions on the resonators mirror surfaces and
thus as check for contaminations.
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Power Stabilization

An extremely low level of power noise was one of the major constraints for
the laser design. However, the power noise of the beam coming from
the laser would still limit the sensitivity and needs further suppression.
Hence, active and passive filtering in several stages is used for the suppression
of power noise.

At low Fourier frequencies technical noise is the main contributor to the over-
all power noise, whereas at higher frequencies quantum noise is limiting.

Many approaches were done to build a power stabilization sensor feasible for
aLIGO [ROZ" 04} SKH™06] and other second generation|GWDk [BSK05, MOMMO7,
TATO8]. It took several years to demonstrate the capability to build a power
stabilization that fulfills the aLIGO requirements. For the first time this was
achieved by Kwee in 2009 using an array of eight as sensor [KWDQ9]]. For
the active power stabilization of the [aLIGOl detector a similar sensor is used to
detect up to 200 mA of photocurrent and build a quantum noise limited power
stabilization with a power noise level of 2 - 10~°/+/Hz at a Fourier frequency of
10 Hz.

This Chapter focuses on the implementation of the second loop power sta-
bilization into the detector at Livingston. First of all a short review of
the principles when detecting at the quantum noise limit (sec. and an
overview of technical noise sources (sec. are given. Additionally the cou-
pling of power noise to the readout (sec. 4.1.4), the topology of the
power stabilization is introduced (sec. [.2), the first loop (sec. and the
power noise downstream of the (sec. are analyzed. In section [4.4] the
improvements that were implemented for the sensor and the difficulties that
occurred during the installation are pointed out. Furthermore the control loop
design is discussed (sec. [4.4.4). Lastly, the results of a quantum noise limited
second loop power stabilization with the sensor located inside (sec. and
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outside (sec. 4.5) the vacuum system are presented and the future development

is discussed (sec. [4.6).

4.1 Fundamentals

For the description of noise there is a common distinction made between noise
caused by the quantum nature of the light and other, so called technical noise
sources. These are for example environmental disturbances or electrical cou-
plings. This section will give an introduction to the limitations due to quantum
noise and the next section deals with the influences of technical noise.

4.1.1 Sensing at the quantum noise level

In quantum mechanics laser beams, as they are generated by energy transfer to
the modes of a laser resonator, can be described as coherent states. A general
introduction to this topic can be found in [GK04] and [BRO03].

Coherent states can be expressed as a superposition of number states n)
[GKO04, Chap. 3.1]

N
o) =Y a*S—n) (4.1)

with « being the Eigenvalue and |x) the Eigenstates of the annihilation oper-
ator A. « is a complex value and contains information about amplitude and
phase of the laser beam. To determine the power in a laser beam the number
state representation is useful, since the number operator N = AfA is measuring
the number of photons in state [n). Af is the creation operator and fulfills the
commutation relation

A, AT =1. (4.2)

For a bright single mode laser beam with small fluctuations it is possible to
linearize A in the frequency domain [BR03, Chap. 4.5]

A~

A(Q) =8(Q)x+5A(Q). (4.3)
The Dirac delta function §(€) describes the complex amplitude « at a Fourier

frequency ) = 0, which denotes the carrier frequency of the laser. The second
term accounts for the noise sidebands at non-zero Fourier frequencies.
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Applying Equation to the number operator yields

s
|

(5(Q)ax 4+ dAT(Q))(8(Q)ax + dA(Q)) ~ a6(Q) + adX1(Q)(4.4)
SAT(Q) +5A(Q). (4.5)

A

3X1(Q

—_—

Here of represents the average photon number and 5X1 are the amplitude fluc-
tuations. If all technical noises are well suppressed 5X1 only represent the quan-
tum noise contribution. §X1 is called the amplitude quadrature operator. Since
the fluctuations of X1 are small the expectation value is 0.

Calculating the expectation value and the variance of N yields

(N) = («Njog) = o (4.6)
Var(N) = (oN?|or) — ((x|NJ&))? = a®Var(5X1). 4.7)

2 22

Although the fluctuation do not contribute to the expectation value they show
up in the variance.
If quantum noise dominates 6X1 the variance can be calculated as:

Var(6X1(Q)) = (0[56X1(Q)?0) = 1. (4.8)

Therefore, there is always noise caused by zero point fluctuation of the vacuum
state on a laser beam.

The quantum noise sq of a beam with power P, photon energy hv and aver-
age photon number P.n/hV expressed as a single-sided linear spectral density

applying Equations (4.7) and is

Sq = /2Var(P(Q)) = \/2(hv)2Var(R(Q)) = ,/%C;ﬂ. (4.9)

Consequently, with an ideal photodetector the lowest noise level that can be
measured for a quantum noise limited laser beam is a white noise linear spectral
density at a level calculated in Equation (.9), which is called shot noise.

A power stabilization sensor in a [GWD|is always sensing a fraction of the
power from the main beam. Using a classical description of a beam splitter
it can be assumed that the relative power noise level does not change for the
beams in transmission and reflection. However, vacuum fluctuations have to
be considered as Figure (4.1 illustrates. Only fluctuations caused by quantum
noise are considered in the following. 8X1;, is the noise of the initial beam, the
beam reflected from BS; is directed towards the power stabilization sensor.

Evaluating the noise of the beam in reflection of BS; the operator §X1;, trans-
forms with the following matrix relation [BR03| Chap. 5.1]:
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Figure 4.1: Sensing and feedback control of quantum noise limited beam. X1y,
§X1, and 5X1; describe the fluctuations in the amplitude quadrature
of the input beam, the reflected and transmitted beam of BS;. The
sensor is considered as another beam splitter, where the splitting ra-
tio is determined by the quantum efficiency.

5X1, rot §X1;,
(&ZL) - (t —r> <5>21vac> ' (4.10)

Here, t and r are the amplitude transmission and reflection coefficients, which
obey the relation 12 +t? = 1, if internal losses are not considered. Assuming that
no light is entering from the open port of the beam splitter, vacuum fluctuations
5X1,,. still have to be considered.

For the power stabilization the beam of interest is the one in reflection. In
this case optical losses can be described as a reduction of the beam splitter am-
plitude reflection coefficient to determine the quantum noise limit of the power
stabilization.

The reflected light has a noise according to Equation

Var(56X1,(Q)) = 1*Var(5X1in(Q)) + t?Var(6X1va (Q))
Var(8X1in(Q)) + (1 —12) (4.11)

in which the last term is representing the contribution from the vacuum noise
entering the open port. Unless r* = 1 the noise of reflected beam is higher than
the noise of the input beam.

In the actual experiment, are used to convert an optical signal into an
electrical signal. The quantum efficiency 1 describes the rate of photons that are
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converted into electrons and if 1 = 1 every photon is converted to an electron.
During this process no extra noise is added. However, in reality n is always
less than one and thus there is extra noise. This noise can be modeled as a
second beamsplitter that is added before the laser beam hits the[PDias shown in
Figure The beam splitter BS, has a amplitude transmission of \/n and can
be described with the same formalism that is used to evaluate the light picked
off from the main beam at BS;.

For most applications the photo current is measured and hence shot noise is
referred to as current shot noise

$q = v/2€Imean- (4.12)

Compared to Equation (4.9), the photon energy is replaced by the charge of an
electron and the average power is replaced by the current I.

By injecting amplitude squeezed vacuum into the open port, which has a sub-
poissonian distribution the noise level in the amplitude quadrature decreases.
This comes at the cost of a higher noise in the perpendicular phase quadra-
ture X2 according to Heisenberg’s uncertainty principle. Squeezed states were
used to improve the sensitivity of a GWD [VKL"10, ftLSC13]], but there hasn’t
been a power stabilization experiment involving squeezed states, to my knowl-
edge, so far. Optical losses and a low quantum efficiency of the[PDidecrease the
squeezing quality.

4.1.2 Technical noise sources

Quantum noise can be observed if all other noise sources are small compared to
the quantum noise limit, but that is often not the case. Especially at low Fourier
frequencies technical noise sources dominate the power noise spectrum. The
term technical noise describes all contributions to the power noise that are not
related to the quantum nature of the light.

The technical noise sources can further be split in two groups. Using the
notation from Figure there is power noise 6X1;, that is present on the main
beam that is being stabilized and noise that couples in downstream of BS; in the
pick off path to the in-loop detector.

Noise 6X1;, present on the main beam can originate from thermal drifts, laser
pump light power fluctuation, dust particles passing through the beam, vibra-
tions causing length fluctuations in the laser resonator by exciting resonances
of mechanical components, pointing to power noise coupling of a cavity, polar-
ization fluctuations and frequency noise cross coupling.

Downstream of the pick off temperature drifts and unwanted polarization
rotation affect the splitting ratio of subsequent beamsplitters that are for ex-
ample used to direct the beam towards an in-loop and an out-of-loop detector.
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Scattered light on the PDJand a non-uniform response across the PD surface in
combination with pointing of the laser beam can add noise. Moreover, inter-
nal properties of the semi-conductor couple via the dark current and electronics
noise of the PDIreadout and have to be considered.

While noise present in front of the [BS can be suppressed with a feedback
control loop, the latter noise source have to be as low as possible, since they
are imprinted on the main beam. The noise sources that are limiting the
power stability are described more detailed in the next Sections. A detailed
characterization of noise sources was done in [Sei09, KwelO] and [Bog13].

As most noise sources have independent origins they are uncorrelated and
add quadratically. In terms of noise current at the PDIreadout the total noise is

~ 2 2 2
ItOt = \/ItechnicalA + ItechnicalB + ot Iquantum' (413)

4.1.3 Power noise limit for active feedback and passive
filtering

Power stabilization can be done with active feedback by building a control loop
or using a passive filter, such as an optical resonator. Both approaches have
advantages and disadvantages which are discussed in this Section.

Optical resonators filter technical power noise above their pole frequency
with a low pass behavior. Building optical resonators with a low pole frequency
is challenging since they require a long round trip path length and low internal
losses. Therefore they are usually used for power noise filtering at high frequen-
cies (Sec. 3.2). In order to get power noise suppression as low as the quantum
noise limit of the input beam impedance matched cavities have to be used be-
cause the carrier is not completely transmitted in the under- or over coupled
case.

For an active feedback loop a sensor that converts an optical signal to an elec-
trical signal is necessary. Considering the setup shown in Figure 4.1/ a is
used as sensor. The obtained signal contains quantum noise that does not orig-
inate from the main beam, but is added at BS; and BS,. By closing the control
loop and adding the feedback signal to the main beam, noise is imprinted on
the beam. The magnitude of the additional noise depends on the splitting ratio
of BS; and the PD quantum efficiency n.

To evaluate the power stability of the main beam with feedback engaged an-
other [PDl has to be added that detects the power noise 5X1,. If the same power
level is sensed with the in-loop and out-of loop the best achievable noise
level is 6 dB above the quantum noise of the original beam [TWMB95, KWD10].

This is a clear disadvantage of active power stabilization and furthermore
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there are additional limitations set by damage thresholds of the PDs. Apart
from that it is possible to suppress technical power noise with very high gain at
low Fourier frequencies with an active control loop. Hence, it makes sense to
combine active and passive stabilization methods in many experiments.

A novel method to do active power stabilization by stabilizing the power in
reflection of a high finesse cavity is called optical AC coupling [KWDO8]. As
most of the carrier light is transmitted through the cavity, a very high shot noise
limited sensitivity above the cavity pole frequency can be reached. However,

this technique requires a resonator with a low pole frequency to be useful for
GWDk.

4.1.4 Power noise coupling to the Interferometer readout

After the description of the noise sources this Section will give a qualitative
overview of the coupling mechanisms from power noise to the dark port of
the The coupling strength determines the requirements for the power
stability of the input beam.

Advanced LIGO operates in a dual-recycled Michelson configuration
with arm cavities [HtLSC10]. If the dark port would be totally dark there would
be no coupling of power noise.

However, it is not possible to detect the gravitational wave signal with no
light at the dark port. Besides there is always some tolerance in the fabrication
of optics, such that leakage light is always present at the dark port. There are
two approaches to read out the [Sau%4]. The first one is an intentional off-
set of the from the dark fringe to generate a local oscillator for a homodyne
detection scheme. This, so called DC readout scheme, is usually done in combi-
nation with an that removes higher order spatial modes and modulation
sidebands from the beam at the dark port. The second approach is to imprint
phase modulation sidebands on the beam and use a modulation-demodulation
scheme to generate an error signal and lock the IFO. The drawback is that the
modulation sidebands are only resonant in the power recycling cavity and thus
rf power noise is limiting the sensitivity of the at high frequencies. Addi-
tionally if detuned resonant sideband extraction (RSE)) [MSN"93] is used there
is an imbalance in the sideband power as they resonate in the

Since[aLIGO will use DC readout only the power noise coupling for this read-
out scheme is considered in the following analysis. The signal at the output port
is sensitive to asymmetries in the arms. Thus only effects, that intentionally
or unintentionally introduce such an asymmetry can contribute to the power
noise at the output. The full analysis is done in [SCKMO06, SCKMO07], but in
principle there are two processes that couple power noise to the output.
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The first one is a direct coupling from power noise at the input to the out-
put. Although the power recycling cavity has a pole frequency of several kHz,
power noise is filtered with f~! above 1Hz. This is due to the over coupled
arm cavities since noise sidebands outside the arm cavity line width experience
an extra 7 phase shift and are not resonant in the power recycling cavity. This
compound pole created by the power recycling cavity and the arm cavities is
called the coupled cavity pole. An contrast defect, a finesse mismatch of
the arm cavities and an offset in the microscopic arm length mismatch are the
dominating coupling channels for power noise at high Fourier frequencies.

At low frequencies is power noise coupling due to radiation pressure differ-
ences in the arms is more important. Radiation pressure noise arises from the
impact of the photons on the arm cavity mirrors causing a momentum trans-
fer. This noise scales inversely with the mirror mass and the power of the field
stored in the cavity. An imbalance of the mirror masses, finesse differences and
an unequal beam splitter splitting ratio are leading to radiation pressure effects
that contribute to the differential [FOlreadout signal. Since the signal at the dark
port is sensitive to differential length changes of the two arms and the origin for
radiation pressure is a force on the mirror it scales with 2 in the spectrum
of the readout signal. Therefore it dominates the power noise coupling at low
frequencies, but falls off rapidly towards higher frequencies.

Additionally, the coupling strength depends on the readout quadrature. The
signal is read out in the phase quadrature for a power recycled Fabry-Perot
Michelson Adding the signal recycling tuning of the cavity changes the
read out quadrature and the shape of the quantum noise in the read out sig-
nal. Advanced will start operating with broadband signal recycling and
the optimum readout phase of 71/2. However, in this configuration the power
noise coupling is maximum and the technical power noise exceeds the quantum
noise in the readout signal, as it is currently not foreseen to sense more than
100 mA photocurrent for the power stabilization. Fortunately, a reduction of
the DC offset by small change in the readout phase affects the power noise cou-
pling significantly, while the shape of the quantum noise changes marginally
[KSAOQ6].

This leads to requirements that are set for the input of the and have to
be met by the power stabilization [WKSF11]. A requirement for power noise at
radio frequencies is necessary to avoid excess power noise in[RE sidebands that

are imprinted on the beam downstream of the PMC] (Sec. [3.1.4).
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4.2 Topology of the Advanced LIGO power
stabilization

The power stabilization consists of active and passive components. For
the active feedback control loop there are two sensors. Figure shows the
schematic of the loops. For the pre-stabilization a fast loop, called first loop,
employs a single as a sensor and an as an actuator. A second, in
vacuum sensor is using four as in-loop sensor. The control signal is fed
back to the error point of the first loop in order to add a sensor correction.

power stabilization

1
I
SEConeioor rgRv , PD array
' il
IMC .
v ' @
first :
loop PMC '
Laser :_ 1o ool
>
AOM

Figure 4.2: Schematics of aLIGO power stabilization. The first loop sensor is lo-
cated downstream of the The in vacuum sensor for the second
loop power stabilization consists of four[PDs. An identical set of sen-
sors is utilized for the out-of-loop power noise detection. An
in the high power beam serves as an actuator.

Passive power noise filtering is provided by the and the The
pole frequency is 578 kHz and the pole frequency at 8.7kHz. The
filter effect is important for noise suppression at high Fourier frequencies, at
which phase modulation sidebands are imprinted since the electro-optic mod-
ulator (EOM) that creates these sidebands is located downstream of the
and before the

As experiments in the past showed a difference between the measured in-
loop performance and the power noise of an independent sensor, a second,
identical set of sensors is installed to provide an independent out-of-loop mea-
surement.

Due to its small size a verification measurement of power noise at radio fre-
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quencies is not possible with classical methods and a single More than
100 mW need to be detected (Fig. to keep the shot noise below the technical
noise. To check the power noise downstream of the[PMC|a measurement using
the optical AC coupling technique was performed [KBD*12].

The following Sections describe the first and the second loop in more de-
tail. Furthermore a computer model was developed for control loop simula-
tions (Sec. [4.2). For the first loop the bandwidth limits are studied in Section
and the power noise downstream of the is analyzed in Section [4.3.2]
A description of the in vacuum sensor, the control loop design for the second
loop and the results of the stabilization in different configurations is given in
Section[4.4] The second loop measurements were performed at[LLOL

All measurements at [LLO| were done in low power mode without the
engaged, because technical difficulties, unrelated to the laser system, allowed
only for a maximum power of 1W entering the vacuum system. To achieve
a better shot noise limited sensitivity another sensor was installed outside the
vacuum system and in transmission of the and described in Section
Amongst other possibilities to improve the second loop in the future, the impact
of high power operation is addressed in Section 4.6

Control loop modeling and simulations

The loop simulations are done with a Simulink model, that evaluates linear time
invariant (LTI) elements representing individual parts of the power stabilization
loop. Figure 4.3| gives an overview of the Simulink model. Transfer functions
can be obtained from various inputs and outputs. The [CIT objects are created
by converting them from given zeros, poles and gains.

Although the model is evaluated with a state space approach, so far the anal-
ysis was only conducted in the frequency domain. The simulation includes
both, the first and the second loop. It can be configured to either simulate only
the first loop or both loops. It also has the possibility to simulate a loop with
the first loop sensor downstream of the IMC| as it was realized at [LLO and is
described in Section [4.5]

The simulations of electronic circuits are done with LISO [Hei00]. The ad-
vantage of LISO is that it includes measured parameters of operational ampli-
fiers (OPk) and simulates effects due to gain bandwidth product (GBD) limita-
tions of a feedback loop. Additionally, LISO is used for noise simulations of
readout and servo electronics. The vector fitting algorithm of LISO is very pow-
erful and led to the identification of zeros and poles that were transferred to the
Simulink simulation.
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Figure 4.3: Simulink model of the aLIGO power stabilization
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4.3 First loop

The first loop power stabilization uses a single as a sensor that is located
outside the vacuum system and detects up to 3mA of photocurrent. This is
equivalent to a shot noise limited sensitivity of 1 - 10-8/v/Hz. The amount of
light on the can be adjusted with an attenuator and is set such that in low-
and high power mode the light level does not change. To avoid problems with
stray light on the [PDk, they are housed in an aluminum box.

The loop is DC coupled, but has an attenuation of 0.2 at Fourier frequencies
less than 70 mHz. Furthermore, the signal conditioning amplifies the signal at
10Hz by 52 dB.

An (Crystal Technologies 3080-199) serves as actuator upstream of the
(Fig. #.2). The actuation is done by modulating the power with a static
offset in first diffraction order of the To amplify the signal applied to
the a[RE amplifier (Neos 21086-2AM-RFX) is used. The beam passing the
in zeroth order is directed towards the main experiment. It was verified
that the does not deteriorate the spatial beam quality [P5109].

Although the loop state is controlled by the computer system its signal pro-
cessing is done in analog electronics to achieve a high bandwidth. The de-
sign and performance of the loop is described in more detail in [Bog13|] and
[KBD"12]. In the following Section the limits for this control loop bandwidth
are pointed out.

4.3.1 Bandwidth limits of the first loop

In[LPMlthe first loop is limited by loop gain at Fourier frequencies smaller than
2Hz and higher than 1kHz whereas in the intermediate frequency range the
loop is limited by quantum noise. In high power mode there is additional
unidentified noise at Fourier frequencies below 50 Hz (Fig. 4.6).

Figure |4.4| shows a measurement and a simulation of the first loop transfer
function at the Reference System and The simulation was done with a
state space Simulink model that is described in Section In order to fit the
results for the initial simulation and the measurement a time delay of 2 u was
added to the simulation to fit the phase to the measured curve. In the current
configuration at[LLOl the unity gain frequency is 80 kHz with a phase margin 15
degrees. Moreover, the loop is bandwidth limited? around 100 kHz and a high
bandwidth is important for this loop, because it also determines the maximum
bandwidth for the second loop.

12.2 us for measurement
2The bandwidth limit is defined as the point where the phase reaches -180 degree.
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Figure 4.4: Simulation and measurement of the transfer function of the first loop
power stabilization: measurements at the [AEI Reference System
(blue) and LLO (red); Simulations of the current Reference System
setup (green) and the optimal loop (turquoise) without phase delays
caused by the servo electronics including a PMC pole compensation

The most obvious reason for a time delay is due to the propagation velocity
of the acoustic wave in the The literature specifies 0.5-5 ps [GS11] as ex-
pected time delays in commonly available [AOMk. The delay depends on the
crystal material, the laser beam size and the distance between the trans-
ducer, which generates the acoustic wave and the laser beam. The crystal mate-
rial is TeO, and the speed of the acoustic wave is 4.2 um/us [Liu05, Chap. 8.2].

A measurement of the time delay of the[AOMwas conducted at the Reference
System by obtaining a transfer function from the driver modulation input
to a high speed [PD), that monitors the power in the main beam downstream of
the An additional time delay caused by the cables is included in the
measurement, because this cable is part of the setup as well. On the passage
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Figure 4.5: Transfer function and fit of AOM driver and AOM including a 13 m
cable at the Reference System. The distance from the AOM trans-
ducer to the laser beam is varied to evaluate the time delay that is
mainly introduced by the propagation speed of the acoustic wave.
A gain peaking at 800 kHz can be removed using a square root
which linearizes the transfer function of the

towards the the beam diameter is approximately 740 um and the beam
divergence is small.

Figure4.5/shows the AOM transfer function including a fit for the time delay
that was measured. In the initial position a time delay of 1.27 us is observed. To
optimize the response the position of the was varied with a translation
stage and micrometer accuracy. Thus the beam was moved closer to the PZT
that generates the acoustic wave. At the same time the DC voltage on the high
speed PDland the power transmitted through the PMC was monitored to make
sure that the beam is not clipped at the Moving the beam 0.85 mm closer
to the transducer reduced the time delay by 0.2 us. This agrees well with the
travel time of the acoustic wave in TeO,. The center of the beam is still 2 mm -
3mm from the edge of the crystal. As the laser beam also contains higher order
modes with a wider spatial distribution the is kept in this position.

The power in the diffracted beam of the[AOM] depends quadratically on the
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offset voltage that is supplied to the driver. When the voltage modula-
tions are small and the is operated with an offset it can be assumed that
the response is linear. To verify that the measurement can be analyzed in a linear
regime, the modulation amplitude was changed and no change in the transfer
function was observed. For the control loop an taking the square root of
the control signal is implemented to avoid nonlinear effects. For the final posi-
tion of the another transfer function was taken that included the square
root As seen in Figure 4.5 the delay does not change significantly, but the
amplitude response is smoother at high Fourier frequencies.

Accounting for the time delay and for additional 13m coaxial cablef]
1.15 ps time delay of the 2 us inserted in the simulation are understood. Mea-
suring the transfer function of the servo electronics revealed extra phase lag
due to limitations of the Additional poles and zeros determined by a
fit of the measured servo transfer function allows a correction for the phase lag
caused by the electronics in the simulation. This leaves an unexplained phase
lag, which the simulation accounts for with 0.4 us time delay, that is presumably
caused by the actual [OP response in the [PDIsignal conditioning filter.

For further bandwidth optimization the pole needs to be compensated.
Assuming a pole compensation and no phase lag caused by the electron-
ics, that can be realized by using faster an optimum bandwidth of 200 kHz
can be achieved (Fig. [4.5). With similar a phase lag of 45degree at
450kHz was achieved [Sei09], but therefore the beam has to be smaller and
located closer to the transducer. This was not possible for the due
to the high intensity of the laser beam in conjunction with the crystal
damage threshold.

To overcome the limitation of the an alternative is an that has
a bandwidth up to 100 MHz. However, the damage threshold for off-the-shelf
devices is very low. Custom made [EOMk, utilizing Rubidium Titanyle Phos-
phate (RTD) crystals, are already in use in [Quel8] and are compatible
with high laser power [Bog13]. These in combination with a polarizing
element might also be feasible as power actuator.

4.3.2 Power noise downstream of the Input-Modecleaner

One essential question for the design of the second loop is how much power
noise is added to the beam in transmission of the IMC] since this is what the
second loop needs to suppress as well. From the output of the the beam
passes an steering optics and a periscope that elevates the beam to the
height of the vacuum systems viewport. Inside the vacuum chamber it passes

3The cable length from readout PD to servo electronics.
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several suspended optics, the and a Faraday isolator before it enters the

power recycling cavity (PRC).

Figure [4.6| shows two measurements of the power noise downstream of the
The trace from September 2012 was taken with a that detects a pick
off beam right in front of the Since this [PDlis electronics noise limited at
5-10~7/v/Hz the measurement in August 2013 was done with a[PDloutside the
vacuum chamber in transmission of the and in front of the Faraday isolator
(Fig. [4.8). Both measurements were taken while the first loop was engaged.

The September 2012 measurement does not contain significant features, ex-
cept one at the mains frequency, but the overall power noise level is very high
and even exceeding the unstabilized laser power noise in [LPM] (Fig. 8.3). The
measurement upstream of the periscope shows that most of the noise is im-
pressed by the in conjunction with the periscope, although the noise up-
stream of the periscope is already higher compared to the out-of-loop measure-
ment of the first loop (Fig. 4.6).

Over the course of the commissioning noise sources were identified and low-
ered. In order to make a low noise measurement the and AC in the [PSLJ
enclosure need to be switched off, since air currents and vibrations of the fans
cause additional noise especially at low frequencies.

A major noise contribution is caused by pointing to power noise conversion
at the [MCl In the eigenbasis of a resonator a misalignment of the input beam
in position or angle can be expressed in the Hermite-Gauss basis as [ACT 06,
And84]

Ein = HGOO + €X(t)HG10 + €y (t)HGOl (414)

with ey, (t) being the pointing noise as a function of time. Since the first order
modes are non resonant if the cavity is locked on the HGyy mode, they are
reflected. Thus the power noise in transmission of the cavity scales with €? if
there is no static misalignment.

On top of the periscope a Piezo controlled mirror is mounted that steers the
beam towards the [MCl input mirror. Although this control loop runs with
a less than 1Hz the electronics noise of the controller contributes to the
pointing noise of the input beam in the detection band. Furthermore the Piezo
controller has a position readback that is part of a control loop which was also
found to introduce noise that influenced the power noise downstream of the
Additionally turbulent water flow in the laser cooling circuit caused vi-
brations on the table (Sec. [5.4.1).

After switching off the position feedback to the Piezo and applying addi-
tional passive low pass filtering in the output of the Piezo driver electronics the
pointing noise and thus the power noise downstream of the could be low-
ered (Fig. 4.6). The power noise measurement from August 2013 nearly follows
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Figure 4.6: Power noise measurements. The blue trace shows the power noise
after installation of the in September 2012 and the power noise
upstream of the periscope in the [PSL] enclosure is shown in red. Af-
ter some improvements the noise was lowered and remeasured in
August 2013 (green trace). Out-of-loop measurements in [HPM] (pur-
ple) and [LPM] (turquoise), which were acquired at the out-of-loop
detector of the first loop, show excess noise at low frequencies when
the is switched on.

the shape of the noise measured upstream of the periscope and has additional
peaks above 100 Hz. These are presumably caused by [PSL] table and periscope
resonances.

Moreover, relative motion between the passively isolated [PSL] table and the
actively controlled HAM internal seismic isolation system or the suspended
mirrors of the contributes to the power noise downstream of the Ac-
cording to this noise coupling should be negligible.
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4.4 Second loop

The power noise downstream of the [M(Jleads to the gain requirements for the
second loop power stabilization.

It is necessary to use a sensor that is capable of detecting more than 100 mW
of light, as shown in the previous Section. The description of this sensor and
the difficulties for its alignment (Sec. is followed by a discussion of the
electronics (Sec. and the actuator (Sec. £.4.3). The question whether it is
sufficient to build a digital control loop with the existing real-time control sys-
tem is addressed in Section Section summarizes the results achieved
with an analog control loop.

4.4.1 Sensor

The only sensor that ever showed the performance required for aLIGO| is re-
ported in [KWDQ9]. Therefore a similar sensor design was chosen for the[aLIGO|
second loop power stabilization and built by scientists. It consists of eight
2mm InGaAs Excelitag| C30642 which are positioned in two rows of four.
The glass windows in front of the were removed to avoid scattering and re-
flection from the surface. The beam reaches the at a 45 degree angle, which
makes its projection elliptical on the [PDl chip. Residual light reflected from the
[PDlis absorbed by a BG39 glass filter. Figure[d.7]shows a picture of the[PDlarray
installed in the vacuum chamber (Fig. and a sketch with pointers to
the individual components is illustrated in figure

The beam that is sent to the[PDlarray is picked off right before the[PRM| There
are several optics in the beam path between the pick off and the array, such that
there is a power level between 214 - 107 - Ppain and 272 - 107 - Py on the
due to the unequal splitting ratio of the beam splitter inside the array for
the reflected and transmitted beam. Contrary to the first loop there is no power
attenuator for the second loop. As the is not always operating at the full
power level of Prain = 125W the light level on the varies depending on
the input power. On average 30 mW is detected on each [PDlat full power. The
beam injected into the [PDlarray is horizontally polarized.

From the the nearly collimated beam with a radius of 2.2 mm travels
through a mode matching telescope in order to match the beam size with the
[PRC|eigenmode. The slightly divergent beam does not exceed a radius of 3mm
before it reaches the mirror in front of the array where it is focused such that it
does not exceed the active area of the PD. The average beam radius is 237 um on
thePDk. All optics in the main path have at least a diameter of 3 inch (76.2 mm)

“former Perkin Elmer
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Figure 4.7: Picture of PD array inside the LLO HAM2 chamber.

and in the path towards the array 2inch (50.8 mm) diameter. However, the
smallest apertures the beam has to pass are apertures of stray light baffles.

For alignment purposes and in order to measure the pointing noise a quad-
rant photodiode (FCI InGaAs-Q3000) is part of the array assembly. When
the eight individual are initially aligned outside the vacuum system a ref-
erence position for in chamber alignment is set by centering the beam on the
QPD

In contrast to prior assumptions there are differences in the optical path length
to the eight of the [PDl array. Hence, they are not in the same focal plane
and it is generally not possible to define an optimum alignment reference on
the However, a long Rayleigh range of the beam impinging on the
array is beneficial for the alignment.

For future versions of the[PDlarray the power of the beam shining on the[QPD]
will be increased in order to obtain a signal during alignment with low power
as well. Therefore mirror transmission of the mirror in front of the will
be increased to 1% . At full power this yields a power level of 1.25mW on the
QPD

The are connected via a vacuum feedthrough to the readout electronics
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Figure 4.8: HAM2 layout and beam path towards PD array. Zoom in on the
array beam path.

that are located outside the vacuum system (Fig. £.10). The distance from the
to the readout electronics is approximately 7m. After finding problems
with the electrical interface and short circuits at the back of the [PDb, Teflon
sleeves were put around the legs to insulate them from the aluminum can
they are sitting in. Furthermore the circuit board mounting was improved.

Sensor alignment

In this Section difficulties with the in chamber alignment are addressed. As the
suspended optics are moving much more in the vented chamber due to air cur-
rents, it is not easy to find the sweet spot of the PDs. Here, sweet spot describes
the location on the where the coupling from pointing to power noise is at
its minimum. Moreover, it should not differ more than 1 % from the maximum
response according to [Sei09]. To find this point for all simultaneously the
alignment procedure requires the incoming beam hits the [PDlarray identical to
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Figure 4.9: Drawing of array including modifications. A lid covers the
whole assembly when installed in the vacuum system.

the beam used for the [PDlalignment.
The pointing to power noise coupling due to the non uniform response of the
PD across its surface is [KwelQ]
1 dP(x)
Cpnt—RIN = W " dx

(4.15)

X=X

and defined in the unit 1/m. The impact of the coupling is the strongest at
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10 Hz as the power noise requirements are most stringent at this frequency. The
pointing noise requirement for the transmitted beam of the [MClat 10Hz is € =
1-10~°/v/Hz [Miil09]. As the beam is elliptical on the array [PDk a beam radius w
of 400 um is assumed. Furthermore, it is assumed that the lateral motion of the
beam 6x is approximately dx = ew. Consequently cpn—,riv should be less than
5/m to be on the same level as the quantum noise. For this calculation pointing
noise was assumed to contribute as correlated noise on the PDs. Although in
prior experiments coupling factors less than 5/m have been reported [KWDO09,
KBD™12], experiments with another aLIGO [PDlarray showed that the coupling
is between 5/m and 40/m for the individual [PDk.

As the beam directed towards the array has a waist of 70 um and con-
sequently a Raleigh range of 1.5cm the positioning has to be very accurate
[MWGT™14]. Due to the 45 degree angle of incidence and the ellipticity of the
input beam it is likely that the beam exceeds the active area of the[PDIif it is not
positioned correctly. Inserting another curved mirror in the beam path towards
the array can extend the Raleigh range and allows for a better in vacuum
alignment if it is equipped with a pico motor for remote alignment.

Unfortunately, due to technical difficulties the signal was not available
for the array installation at Furthermore one [PDl could not be used, since
it had ohmic resistance of 220 kQ such that it was not possible to operate thePD|
with reverse bias. Due to the missing reference position on the the signals
on the remaining seven [PDk were maximized in order to find a good alignment
reference and minimize the pointing to power noise coupling.

Another difficulty for the alignment is that the cannot be locked when
the vacuum system is vented due to the noisy environmental conditions. Even
though the beam is aligned to the array during the ventf|it could be that this
is not the reference position that perfectly overlaps with the eigenmode.
Therefore it is possible to compensate small differences with a pico motor actu-
ating on one mirror in the path towards the[PDlarray. Since the [FQlwas aligned
for the first time after the installation of the[PDlarray it turned out that it is only
possible to either find a good alignment for the PDlarray or the Further in-
vestigation have to reveal if this is still the case with a pre-aligned or if the
alignment procedure for the[PDlarray has to be revisited. In the worst case a sec-
ond pico motor actuated mirror would be required for the [PDlarray alignment.
For all investigations of this thesis the beam towards the[PDlarray suffered from
clipping losses leading to more than 30 % reduction in the DC level, when the
is aligned. For the measurements presented in the following Section the
main beam was adjusted to an optimum position for the [PDlarray.

°This was either done with occasional [M resonance flashes or by building a beam path
around the as described in [MMT14].
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4.4.2 Electronics

A crucial part of the readout are the first stages of the readout electronics, be-
cause the anticipated current noise level is close to the limit of the electronics
noise of state-of-the-art[OPk. The electronics for the second loop are split in two
parts. A readout electronics is located close to the vacuum chamber and
an analog servo electronics in the electronics rack with the other PSL electronic
modules (Fig. [4.10).

In most cases the power sensed with a does not change much, such that
electronics can be optimized for a certain photo current. This is different for the
used as second loop sensor. Since the transmission ratios for in vacuum op-
tics are fixed a wide range of photo currents has to be processed without being
limited by electronics noise. In the early days the Interferometer will operate at
12.5W and then the power will be increased throughout the commissioning to
125 W [Bftat12] entering the PRCl

It is the target to have 10V DC level at the output of the transimpedance am-
plifier at the maximum power level. The current noise at the input of the tran-
simpedance amplifier consists of [Hei%9]:

- 4kT = 1 -»
Iy = \/T + IOp + @Uop. (4.16)

The first term describes the thermal noise (Johnson noise) of the transimpedance
resistor R, Boltzmann constant k at temperature T. Top and ﬁop are the input
current noise and voltage noise of the operational amplifier, respectively. Both
terms contribute due to the feedback circuit. Since all noise contributions are
uncorrelated they add in quadrature.

The choice of R depends on the signal strength. The higher the photo current
the lower R has to be, which on the contrary raises the Johnson noise contri-
bution. Unfortunately, there is additional f~! noise in electronic components
that exceeds the thermal noise at low Fourier frequencies. Using multiple
and thereby splitting the photo current relaxes the noise requirements for the
readout electronics and avoids using high voltage [ODk.

Each photodiode is read out with an independent transimpedance amplifier
and the signal is amplified in a subsequent filter stage, before the signals are
summed. Four are combined as in loop sensor and the other four are ded-
icated to do an independent out of loop measurement. Furthermore the single
readouts are sampled with the data acquisition system as illustrated in Fig-
ure That way, the loop can be done digitally or with analog electronics.
As long as the signals are not summed any differential delays or additional
noise in the signal processing destroys the correlation of the signals and must
be avoided.
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Figure 4.10: Readout of four PDs. There is an equivalent scheme for the other
four PDs. The signal is acquired outside the vacuum and pro-
cessed either digitally or with analog electronics and fed to the
actuator.

For the low noise readout the AD797 is chosen in the transimpedance ampli-
fier (ITA) stage, because it provides very low voltage and current noise. It can
also sink 50 mA current, which supersedes a subsequent current buffer. At very
low photocurrents it is better to use field-effect transistor (FET) instead of
using bipolar junction transistor (BJT)) operational amplifiers like the AD797,
because their input current noise is lower.

The are reverse biased with 5V to improve their response. Due to the
long cables connecting the with the readout electronics the transimpedance
amplifier and the bias voltage have to be compensated to be able to drive the
high capacitive load. The photo diodes have typically 100 pF shunt capacitance.
However, in a combined impedance measurement of cables and the capaci-
tance turned out to be 1.4nF.

Relevant properties of the Excelitas C30642 are given in table The
measurement of these parameters and a study of the influence of bias voltage
fluctuations, temperature increase on the chip and the behavior at Fourier
frequencies around 10 Hz, where the noise increases was conducted in [Sei09].
All the parameters are such that they are not limiting the stabilization at Fourier
frequencies of interest. However, critical parameters like dark noise and dark
current noise were checked for each [PDIbefore it is built into the[PDlarray.

4.4.3 Actuator

The control signal of the second loop is fed back to the error point of the first
loop. Hence the closed loop response, a laser power modulation caused by a
voltage modulation that is injected to the error point, can be interpreted as the
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actuator for the second loop. Since the signal conditioning filter of the first loop
is part of the sensor block and thus before the error point summation point
(Fig. the expected shape of the actuator looks like the inverted first loop
signal conditioning filter as long as the second loop signals are well within the
bandwidth of the first loop.

Figure shows the simulation and measurement of the actuator transfer
function for two cases. In the first one the first loop sensor is upstream of the
in the other case it is located downstream of the The measurement
was done by injecting a swept sine into the error point of the first loop while
observing the response on the second loop sensor. It is calibrated in Watt in the
main beam per Volts applied to the error point, such that the only parameter
that might change is the power in the main beam.

Measured and simulated results agree very well. The only difference in set-
ting up the first loop sensor downstream of the [MC is that the pole has
to be considered (see Section . However, at the of the second loop
this difference only produces a small effect in the phase. Consequently, it does
not matter for the shape of the second loop if the first loop sensor is installed
upstream or downstream the The difference in proportional gain is due
to the fact that the first loop gain distribution differs for the first loop sensor
downstream of the

To determine the actuator range a sine wave at a certain frequency was in-
jected to the first loop error point. The amplitude was increased up to the point
at which the first loop was not able to hold the error point at zero and started
oscillating. For injected amplitudes less than 8.5V, and below 3 kHz the error
point stayed close to zero.

4.4.4 Loop design

From the measurement of the laser noise downstream of the (Sec. 4.3.2)
and the requirements set by the power noise coupling to the dark port (Sec.
some parameters can already be set. The feature at 300 Hz in the power
noise spectrum downstream the (Fig. must be suppressed by more

quantum efficiency 0.92

dark noise 1uA

dark current at 1Hz 0.15pA/ VHz
dark current at 10kHz, 1Hz 0.03pA/ VHz
capacitance with 2V reverse bias | 108 pF

Table 4.1: Properties of Excelitas C30642 according to data sheet
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Figure 4.11: Simulations and measurement of second loop actuator transfer
function with a main beam power of 1W.

than a factor of 10. This leads to a required greater than 3kHz. A similar
value is calculated by looking at the noise at 10 Hz. A suppression of 3 orders
of magnitude is required here. Assuming a second zero at 100 Hz in the second
loop servo the UGF has to be higher than 1kHz to meet this requirement.

To get a more relaxed noise requirement for the later filter stages it is im-
portant to increase the signal of interest immediately after the transimpedance
amplifier, while reducing the DC signal at the same time in order to avoid satu-
ration in the electronics. The design chosen is the same as that used in [KIWD09]
with a DC attenuation of 0.1 and 35 dB amplification of the signal at Fourier fre-
quencies between 10 and 10 kHz in front of the summation point of the signals
from the (Fig. [4.10). The DC coupling requires a reference voltage subtrac-
tion at the error point.

A graph including all simulated signal transfer functions that contribute to
the second loop is shown in Figure The transfer functions are displayed
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Figure 4.12: Simulation of individual transfer functions of the servo (blue), the
signal conditioning (red), the actuator (turquoise) and the optical
path including the [TTA] (purple) that sum up to the second loop
transfer function (green).

in their physical units given in dB for example dBV/W for the optical and [TTAl
path. Adding up all transfer functions yields the overall servo transfer func-
tion. Since the actuator signal has the inverted shape of the first loop PD signal
conditioning filter, a similar shape of the second loop signal conditioning filter
equalizes the frequency dependence of both.

However, this has to be kept in mind because a big gain difference might
cause saturations in the electronics. The frequency dependent shape of the con-
trol loop is accordingly influenced by the shape of the controller transfer func-
tion.

The resulting simulations of transfer functions for the first and the second
loop are shown in Figure [4.13| To ensure a stable operation of the second loop
the of the first loop has to be above 50 kHz. The simulated cross over be-
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Figure 4.13: Simulation of the loop transfer functions of the first loop, a combi-
nation of first and second loop and the resulting overall gain.

tween the two loops is at 6 kHz and the of the second loop can be adjusted
between 2kHz and 8 kHz. At 10 Hz the second loop has a loop gain of 80dB,
roughly a factor 10 more than required.

All simulations were done with 1 W main beam power as this power setting
is selected in the measurements that are described in the following.

4.4.5 Limits of a digital loop

Before the sensor for the second loop was installed in the vacuum system, a test
of a digitally controlled second loop was conducted. The advantage of having
a digital servo is that the loop shape can be changed very fast and easy. In case
of the real-time system that aLIGO uses it is possible to change or adjust a filter
without interrupting the real time process.

For this experiment a 3 mm Exelitas C30665[PDlwas used as sensor in a similar
scheme as shown in Figure .10} but just with a single The location of the
sensor was downstream of the [MC] but outside the vacuum system. Analog
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signal conditioning is required to make the signal larger than the electronics
noise of the data acquisition system.

With this setup a[UGE of 600 Hz and a phase margin of 35 degree is achieved.
The phase is 180 degree at approximately 1 kHz. As this is not sufficient to fulfill
the goals for the second loop an investigation of the reason for the phase lag was
done.

A loopback test, where output and input of the data acquisition system were
directly connected, reveals that there is a 150 us time delay which corresponds
to five cycles when the real-time model runs at 32 kHz. At 1kHz the phase lag
caused by the time delay is 55 degree. An additional phase lag is caused by
the 3rd order low pass in the anti-aliasing and anti-imaging filter. As long as
the noise is not dominating the signal, the effect from the filters can be compen-
sated. However, it will be impossible to build a digital loop with a[UGF of 5 kHz
or more. Therefore an analog servo electronics was chosen for the second loop.
The time delay introduced by the 100 m long cables between the experiment
and the data acquisition has an insignificant effect on the phase at a Fourier
frequency of 5 kHz.

4.4.6 Performance with analog loop

For the measurements presented in the following Sections four are
combined (Fig. for the in-loop measurement that sense 975 uW altogether.
The out-of-loop measurement is done with the remaining three[PDs and a summed
power level of 650 tWf] Since the photo current at these power levels is on the
same order of magnitude as the input current noise at 10 Hz of the AD797, a
[FETIIOP (OPA140) was used instead and a 10kQ transimpedance resistor.

Figure[4.14shows various power noise measurements with the[PDlarray mea-
sured using a Stanford SR785 signal analyzer. Without the second loop feedback
the power noise already differs from the noise that has been measured before
(Fig. [4.6). As the beam was still not hitting the sweet spot of all at the same
time there is an uncorrelated increase in the noise level at low Fourier frequen-
cies which appears in the out-of-loop measurement. The same effect arises, if
a beam is clipping at the edge of the active area of a This noise coupling
scales with seismic excitations and couples via mechanic components. Since the
isolation of the suspended optics towards higher Fourier frequencies is better,
the impact decreases.

A projection of the noise without stabilization that was divided by the loop
gain agrees very well with the in-loop measurement at high Fourier Frequen-

®Due to contaminations found on the [MC optics it was not possible to increase the power at
the time of the measurement.
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Figure 4.15: Comparison of simulation and measurement of the second loop
transfer function.

cies, whereas at low Fourier frequencies the in-loop measurement is dominated
by electronics noise of the analyzer. There are features at 60 Hz and 105Hz
where the projected noise is higher than the in-loop noise, because the power
noise measurement without stabilization was done with the same alignment as
the light blue out-of-loop measurement. Afterwards a different alignment was
chosen and the noise around 15 Hz improved. The in-loop and dark blue out-
of-loop measurements in Figure were done with the improved alignment.

The out-of-loop measurement is basically quantum noise limited at 3.5-10~%/v/Hz
from 30 Hz to 500 Hz and loop gain limited above 500 Hz. In case of the mis-
aligned out-of-loop measurement the loop was saturating the variable gain am-
plifier stage resulting in less noise suppression at Fourier frequencies above
400 Hz. After redistributing frequency dependent gain in the second loop servo
the saturation went away. The shot noise level is 3dB below the out-of-loop
measurement, because there is roughly the same amount of power in the in-
and out-of-loop beam.

The loop transfer function was measured and compared with the simulation.
Measurement and simulation agree very good as shown in Figure The
of the second loop is 6.5 kHz with a phase margin of 35 degree.
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4.5 Single loop with sensing past the
Input-Modecleaner

Instead of using the [PD|array inside the vacuum system for the second loop, a
different first loop sensor outside the vacuum, but in transmission of the
was installed. The sensor is a copy of the first loop sensor and the are
housed inside a box [KBD"12]. While the main beam injected to the IMC] con-
tains 1 W, this leakage beam of one of the steering mirrors downstream of the
has 330 uW power, and is equally split between in and out of loop In
this configuration power stabilization downstream of the is possible with
only one sensor, while simultaneously operating the

An advantage of this setup is that the loop gain can be much higher than for
the nested loop case. However, operating the first loop with a sensor down-
stream of the an electronic pole compensation is necessary for a stable con-
trol loop operation at a high bandwidth.

Hence a compensation filter was built that had a zero at the pole fre-
quency of 8.8 kHz. Furthermore a proportional gain of 21.5 dB was implemented
to compensate for low power of the incident beam. Due to the limited band-
width of the[OP)} the compensation does only work up to 10 kHz like an inverted
low pass and loses phase above.

Figure shows the transfer function of the single loop power stabilization
with the sensor downstream of the Compared to the setup with the first
loop sensor downstream of the PMC] (Fig. the phase already reaches -180
degree at 60 kHz, whereas in the other case it does at 92kHz. As mentioned
above this difference arises, because of the pole compensation filter shape.
Furthermore the optical path length increases by approximately 55m, which
causes additional time delay of 0.18 us. To keep some phase margin the [UGH is
set to 50 kHz.

Since the first loop sensor downstream of the [PSLlis disconnected the power
noise measured is the unstabilized power noise, which is mostly dominated by
noise of the pump light in the 35 W laser [FSW*07]. Above Fourier frequencies
of 20kHz the noise starts rising again, because electronics noise of the readout
is limiting the measurement (Fig. [4.17).

Figure contains three out-of-loop measurements at different positions in-
side and outside the vacuum system. The one outside the vacuum system was
done with the in the sensing box, next to the in loop It is shot noise
limited at 1 - 10~7/v/Hz between 5Hz and 5kHz, except one hump at 13 Hz.
At the [UGH| there is some noise peaking that exceeds the unstabilized noise by
more than an order of magnitude. Below 5Hz the noise rises possibly due to
scattered light or pointing coupling due to a non uniform response of the
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Figure 4.16: Transfer function of first loop with sensor downstream the IMC and
additional IMC pole compensation.

across the active area. The electronics noise is about a factor of five lower than
the quantum noise and dominated by Johnson noise of the resistor in the [TIA|
feedback up to 1 kHz.

The other two out-of-loop measurements were recorded with the Due
to the sampling rate limitation of the two[CDSmodels these channels could only
be resolved up to 900 Hz and 8 kHz. Both were done with in vacuum sensors.
The shot noise limited sensitivity is lower because the power level on the out of
loop detectors was higher. The first one uses the sum of four[PDlarray detectors
and is electronics noise limited for Fourier frequencies above 2 kHz. The second
measurement is taken at the output of the [FO, while one arm is misaligned and
the beam is reflected off one [TM| and then directed towards the output port.
In both measurements the noise increases below 80 Hz with the same slope and
below 10 Hz another noise source is dominant in the single bounce measure-
ment. From the shape of the noise this looks like noise introduced by scattered
light, which was confirmed by a subsequent measurement. The elevated noise
level in both measurements is likely due to clipping noise which was already
observed when the second loop was characterized (Fig. 4.14). Note that the
measurements with the array had to be taken at a different time than the
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Figure 4.17: Relative power noise with the first loop sensor past the IMC. The
purple curve is a measurement at the IFO output, when one ITM is
misaligned; A second in vacuum out of loop measurement with the
PD array (turquoise) and one with the out of loop sensor (blue) next
to the in loop sensor (red). Without stabilization the green curve is
obtained and the yellow trace shows the electronics noise of the
readout without light on the PD.

one at the output, because both sensors could not be aligned at the same
time (Sec. and therefore it was not possible to obtain a correlation mea-
surements.

The hypothesis that the hump at 13 Hz is caused by residual pointing on the
is confirmed by taking a coherence measurement with the wavefront sen-
sors (WESEK) that are used for in reflection of the [IMCl The Gouy phase
difference between A and B is 90 degrees such that angular and transver-
sal movement of the beam is detected. Figure shows up to 0.8 coherence in
pitch and 0.4 in yaw. The origin for the high coupling could either be a differ-
ential motion between the suspended table in vacuum with respect to the table
supporting the in-loop sensor or a non optimal alignment of the sensor.

In order to suppress the peaks at 2kHz and 4 kHz sufficiently a loop with a
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Figure 4.18: Coherence measurement of the [PDl|array out-of-loop PDl with two
quadrant in reflection of the [MC

bandwidth above 10kHz is required. This is only possible with the first loop
sensor downstream of the Apart from the gain peak at 50 kHz, which can
be reduced by lowering the the in-loop noise is well below the require-
ments down to 500 Hz. However, this sensor is only designed for a maximum
power of 4mW which corresponds to a shot noise limit of 1-10-8/v/Hz. Another
problem is given by the excess noise around 10 Hz at the [FOlinput.

4.6 Future prospects

In the future the[PDlarray alignment needs to be improved in order to be consis-
tent with a good alignment and to lower the noise at low Fourier frequen-
cies. This includes setting up the new beam path with an extended Raleigh
range for the [PD] array beam according to [MWG™14]. The alignment has to
be very precise as it was recently found that only a slight misalignment might
cause a second beam from a secondary reflection of the beam splitter to hit at
least one of the [Vaj14]. Furthermore, the broken should be fixed, the
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transimpedance amplifier modifications should be implemented and the
pointing to power noise coupling coefficient needs to be checked by modulating
one of the suspended steering mirrors.

The control loop shape is easier to change, if a split digital and analog con-
troller is used. In this case the analog controller ensures a high bandwidth at
high Fourier frequencies, while a digital controller is used at Fourier frequen-
cies up to 500 Hz.

By increasing the power directed towards the further the shot noise lim-
ited sensitivity for the second loop power stabilization will be improved. So far
8 -10~°/v/Hz is, to my knowledge, the best power stability achieved in a large
scale [BBC"02, Noc04]. If it turns out that the power noise coupling to
the output signal is worse than expected, the shot noise limited sensitivity
can be improved by v/2 when all eight are summed and used as in-loop
Sensors.

Although the second loop has enough loop gain to reach the requirements
at 10 Hz, there is not enough gain to suppress noise above 1kHz. To increase
the gain, a higher first loop bandwidth is required (Sec. or the sensor for
the first loop has to be located permanently downstream of the The best
action, however, is to find the source for the increased noise in the kHz region
and to eliminate it.

The had been switched off for these measurements. However, it is re-
quired, if the is operated with more than 30 W. Since the pointing noise
increases in high power mode [KBD'12] the power noise downstream of the
will increase as well. The characterization of the [PSL]in high power mode
revealed an unknown noise below 100 Hz in the power noise spectrum [Bog13].
It was suspected that this is caused by scattered light, which is hopefully sepa-
rated from the main beam and blocked before it reaches the PDlarray.

4.7 Summary

The firstPDlarray designed by [LIGOIscientists was installed in the[LLOlvacuum
system. Problems that were found during installation (Sec. 4.4.1jand |4.4.1) were
addressed and improvement is in progress.

It is essential to have an in vacuum sensor for the second loop power stabi-
lization, since the stringent noise requirement at low Fourier frequencies cannot
be reached with a comparable in air sensor. This was shown by a comparison
of sensors in the two locations in Sections and

A computer model developed (Sec. for the power stabilization agrees
very well with the measured results and was used to design the readout
electronics and the servo for the second loop power stabilization (Sec. |4.4.4).
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Analog electronics is preferred for the second loop as a digital loop is limited
by time delay of the real time computer system (Sec. £.4.5). However a split
digital and analog controller has further advantages (Sec. |4.6). Investigations
concerning the bandwidth limit for the first loop are conducted in Section
because more gain of the second loop at Fourier frequencies above 1kHz is
necessary to fulfill the power noise requirements.

A quantum noise limited power stabilization over a wide frequency band
from 30 Hz to 500 Hz was achieved with the PDlarray (Sec. #.4.6). The perfor-
mance will be improved by injecting more power towards the which was
unfortunately not possible at the time of the measurement due to contamination
control issues in the

While the IMC adds power noise at low Fourier frequencies (Sec. [4.3.2), it
is an essential part of the frequency stabilization loop and used as sensor for
frequency fluctuation. The frequency stabilization is described in the following
Chapter.
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Frequency stabilization

Frequency fluctuations do not influence the performance of a if both in-
terferometer arms have exactly the same effective length. However, this is not
the case in the real experiment due to material imperfections of the optics and
intentionally introduced arm length offsets. Therefore the laser frequency is
stabilized to stable frequency references in a nested control scheme.

On long time scales atom transitions are very stable and therefore they are
used to provide the worlds most precise clocks [CHK™10, YDD"11]]. Since the
is most sensitive at Fourier frequencies of 10 Hz and above, atom clocks
are not suited as frequency reference as the phase noise at these frequencies is
too high. Instead the laser frequency is compared to the resonance frequency of
the averaged arm length. Due to the sophisticated seismic isolation and
suspension system and the 4 km long resonator this is the most stable frequency
reference above 10 Hz [LERT02, AAA"Q9b].

A nested scheme is required as it is not possible to impose the gain that is re-
quired to suppress the unstabilized laser frequency noise with a single control
loop. A plot of the typical frequency noise and the requirements for the
individual subsystems are shown in Figure [WKSF11, AMM™09, [ABF08].
The requirements for the [PSI]and are plotted with dotted lines as they de-
pend on the gain distribution between the nested control loops. At 10Hz the
laser frequency noise has to be suppressed by more than ten orders of magni-
tude. While at low Fourier frequencies active stabilization is applied, the fre-
quency noise is filtered passively by the PMC| and [MC| above their pole fre-
quencies.

Due to improvements in precision in optical fabrication arm length imbal-
ances are less severe in [@aLIGOl compared to initial LIGO {LIGO) and therefore
the requirements in terms of frequency stability did not get more stringent than
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Figure 5.1: Frequency noise requirements for the [PSL], [MC and [FQOl The re-
quirements for the [PSIJand [MC can change with respect to the gain
distributions in the nested control loops.

they have been for Hence, the same topology of frequency stabilization
can be used. However, the old scheme has to be adapted to the infras-
tructure and effects caused by the addition of the[HPO|need to be characterized
and taken into account.

In the first part of this Chapter the unstabilized laser frequency noise is ana-
lyzed in Section The frequency stabilization scheme is reviewed (Sec.
and the characteristics of the scheme are pointed out. A detailed de-
scription of the control loop is given in Sections[5.2.1}[5.2.2, 5.2.3 and 5.2.4and
the performance of the loop is presented (Sec. [5.3). Most of the measurements
presented in the first part were taken at the Reference System.

The second part of the Chapter (Sec. describes the 32m long, in vac-
uum resonator, called which is used for subsequent frequency stabiliza-
tion. The IMC]at is used for an out-of-loop measurement of the reference
cavity frequency noise (Sec. and was further tested and characterized
with input power levels up to 120 W in Section At the end of the Chapter
future prospects are described (Sec. 5.5).

5.1 Laser frequency noise

The frequency noise has been measured in multiple experiments (for ex-
ample in [Day90, Bro99]) and its linear spectral density can be estimated with
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Sy =12 \k/% AlINPROE that are operating in theaLIGOllasers have been charac-
terized in [KWO08]. The frequency noise from the 35 W laser consists of the noise
generated by the and the amplifier. However, the frequency noise that
is added by the amplifier was measured in a beat signal measurement [Kwe05]]
was found to be well below the frequency noise for frequencies below

100 kHz.

A fundamental noise limit is set by the so called Schawlow-Townes limit
[ST58] resulting from spontaneous emission of photons from the upper state
into the laser mode. A quantum mechanical description was done in [Wis99].
The Schawlow-Townes limit has been derived for a similar[NPRO with 800 mW
output power to be 40mHz/ vHz [Bro99].

For the measurement of frequency noise a frequency discriminator is required.
The frequency noise measurements in this Chapter are done by comparing the
beam that should be analyzed to the resonance frequency of a resonator. As the
frequency fluctuations of a resonator are proportional to its length fluctuations,
the stability of the reference resonator needs to exceed the one of the test beam.
Alternatively the frequency noise can be obtained by a comparison to an ultra
stable clock with a phase-locked loop [Gar05].

There are three resonators in the system, that can be utilized to
analyze frequency noise: the resonator, the reference cavity (Sec.
and the PMC Among those three the reference cavity is the best frequency
reference (Sec. [5.4.1), the stability of the was already evaluated in Figure
B.IT)and the resonator stability is characterized in Section[5.3]

The frequency noise measurement is done by locking the resonator with a
scheme and obtaining a spectrum of the control- and error signal. For the
calibration the error signal is determined while the cavity length is swept. To
check the calibration a sinusoidal frequency modulation of known strength at
8 kHz is applied, which is higher than the of the control loop. Since
the reference cavity is usually part of a high bandwidth control loop that is
actuating the laser frequency (Sec. a slow, digital control loop with a
of 70 Hz was implemented for this calibration verification, such that the error
signal above the represents the laser frequency noise. This loop did not
operate robustly in [HPM] such that the reference cavity could not be used as
frequency noise sensor for the injection locked laser.

For the locking of the [DBBl phase modulation sidebands are generated
by dithering the PZTl at 1 MHz. This frequency shows up as a strong peak in
the frequency noise measurement.

Power noise originating from the [NPROJ relaxation oscillation peak is sup-
pressed with a fast control loop, called noise eater (NE) [HGB94]. The cross
coupling of power noise to frequency noise was checked by turning off the
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Figure 5.2: Measurement of frequency noise in measured with different
frequency discriminators. A typical frequency noise curve is
shown in orange. Control- and error signal were measured with the
(red and blue trace) and the reference cavity (green trace) in
two different configurations. For the first configuration the
was engaged, while it was disengaged for the second one. At
low frequencies the measurements follow the typical behav-
ior whereas at high frequencies the measurement is limited by
noise related to power noise or couplings from the dither frequency
at 1MHz.
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Figure|5.2|shows a frequency noise measurement of the 35 W laser. In case the
[NElis activated the and the reference cavity frequency noise measurement
agree up to a Fourier frequency of 100 kHz and follow the typical fre-
quency noise. Above 100 kHz the[DBBllevels at 8 - 10! ;I—I;—Z which could be due
to power noise coupling or effects from the dither frequency at 1 MHz limiting
the readout sensitivity, although the electronics contains a double-
pole lowpass filter at 200kHz. After disabling the [NE| a broad peak around
65 kHz appears in the spectrum, which is possibly as well caused by a
power noise cross coupling. It is, however, not present in the reference cavity
measurement. Furthermore, the noise increases in a broad band between 10 Hz
and 10 kHz by a factor of two when the NE|is disabled. Above 10 kHz the noise
in the reference cavity measurement is close to the measurement. The fre-
quency noise in [LPM|was also measured with the[PMC| which is not shown in
Figure The[PMC measurement agrees very well with the measurement
at low frequencies and follows the noise measured with the reference cavity up
to 100 kHz. Above 100 kHz the error signal is electronics noise limited.

In[HPM] the unstabilized frequency noise of the is high pass filtered up
to the injection locking bandwidth of 2.6 MHz by the injection locking process
[EGB95,Win12]. There is additional suppression from the injection locking con-
trol loop up to 20 kHz. Therefore frequency noise coupling from the slave laser
is if at all expected at high Fourier frequencies as observed in [FGB95| YIO™96]
and the frequency noise coupling from the relaxation oscillation is re-
duced by the slave laser as well (Sec. [3.1.4).

The frequency noise measurement in [HPM] is depicted in Figure The
measurement is only shown up to 100 kHz since the sensors were noise limited
above 100kHz. Compared to the prior LPM| measurement the noise in [HPM]
is on the same level up to 100kHz and thus the does not add frequency
noise.

5.2 Frequency stabilization scheme

The unstabilized laser frequency noise exceeds by far the frequency noise ac-
ceptable by the interferometer (Fig. [5.I). This has been a serious problem for
in the past and quite sophisticated electronics have been developed to
achieve a high control loop gain and accordingly a high bandwidth of the feed-
back control loop. As argon ion lasers that were used for the first pro-
totypes had at 1kHz a hundred times worse frequency noise [Zuc89] than the
laser, frequency stabilizations were built with a bandwidth as high as
2 MHz [KRHMS5, HH84].

There have been several experiments with frequency stabilization system us-
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Figure 5.3: Measurement of frequency noise in [HPM| with (red) and PMC
(blue). Both measurements agree very well and follow the typical
noise, that is shown in green. At high frequencies the
measurement is electronics noise limited.

ing [Day90, WBD*00, BEMB96|, [UU%4] and injection locked high power
laser systems [NKA™ 03, Bro99, OMM10]. Most of which only address the pre-
stabilized laser and not the full frequency stabilization scheme. The
frequency stabilization is described in [SKS98] and it was first tested and char-
acterized with a 700 mW [AMS97]. The frequency stabilization require-
ments are less stringent for than they have been for and therefore
the existing frequency stabilization was adopted.

A schematic overview of the frequency stabilization is shown in Figure
There are two pictures that show the scheme in different fashions, one of the
optical layout and the second is a block diagram to illustrate the important parts
for the control loop design and the propagation of frequency noise.

The frequency stabilization that is part of the consists of the reference
cavity in conjunction with a optimized for [RF as sensor (Sec. [5.2.1), which
detects a beam that is transmitted from the PMCl The servo electronics is called
table top frequency stabilization servo (ITESS) and is located on the optical
table to keep the length of the cables short (Sec. [5.2.2). High actuation range
and high bandwidth requirements demand the use of multiple actuators. They
consist of an[EOM] the NPRO[PZT and the [NPRO|crystal temperature controller
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Figure 5.4: Schematic overview and block diagram of the frequency sta-
bilization. The frequency stabilization is built as a nested control
loop with the reference cavity, the [MCland the arms as sensors
and the crystal temperature, a PZT] mounted to the
and an[EOM]as actuators. (IL: injection locking; SENS: sensor; COM:
common feedback path; LP: low pass; HP: high pass; FSS: frequency
stabilization servo; IMC;: feedback to the length; IMCy: feed-
back to the laser frequency)
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(Sec.[5.2.3). The control is done by a[PDHllocking scheme and a second in
the pick-off beam transmitted by the PMClis generating the phase modulation
sidebands at 21.5MHz. There are two inputs that can be used for an external
sensor correction.

A beam transmitted by the PMC is double passing an in first diffrac-
tion order and the modulation frequency can be modulated. Moreover,
heater pads are attached to the reference cavity tank. Heating the tank causes a
thermal expansion of the spacer resulting in slow resonance frequency changes.
The control signals of the two other sensors that are part of the frequency sta-
bilization, namely the IMC] and the arms are fed back to the [AOM] via a
voltage controlled oscillator (VCO) (Sec. [5.4). The feedback from the arms
will not be further discussed here and can be found in [Adh04,|IAAA™(09a]. The
works in a split feedback loop as depicted in in Figure|5.4/and will only be
used as frequency reference above 15Hz (feedback via IMCy). At low frequen-
cies the [MC follows the [PSL] frequency by adjustment of its round trip length
(feedback via IMCyp).

If a beam is passing a resonator it is low pass filtered with respect to frequency
noise and the corner frequency equals the pole frequency of the resonator (Fig.
5.4). Length noise of the resonator itself is high pass filtered and imprinted on
the output beam [BTDO01]. The frequency stabilization of the control loop can
additionally suppress the resonator frequency noise or the laser noise depend-
ing on the configuration of the control loop. While the and the[PMCfollow
the laser frequency the laser frequency is tuned to the resonance of the reference
cavity.

Compared to the frequency stabilization the PMC]| pole frequency was
lowered from 1.6 MHz to 578 kHz to achieve a better [REl power noise suppres-
sion. However, this influences the frequency stabilization control loop as dis-
cussed in Section Moreover, the RE[PDlis replaced and a different
is used, which changes the actuation coefficients of the crystal temperature con-
troller and the NPROIPZTL A low noise is integrated replacing the
VCQ (Sec. and the is added to the setup. Since the @LIGQO laser is
operated in in[HPM]as well as in [LPMleffects of the have to be considered
(Sec.5.2.3), such that the control loop is operating robustly in both modes.

5.2.1 Sensor

In this Section the properties of the reference cavity are summarized and the
REPDIis characterized. The reference cavity is used as frequency discriminator
in the scheme. Furthermore noise sources associated with the length sta-
bility of the reference cavity are reviewed and the temperature control loop is
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described.

Reference cavity

The reference cavity is consisting of a 203 mm long, cylindrical fused silica
spacer and two curved mirrors are optically contacted to the spacer. The aper-
ture for the beam is 6.35 mm. The mirror substrates have a[ROC of 0.5m and
Silica/Tantala coatings. The spacer is attached to a single pendulum stage, that
is mounted on a passive vibration isolation stack. For damping of horizontal
movements eddy current dampers are used. The reference cavity is sitting in-
side a tank under ultra high vacuum (UHY). With an ion getter pump the pres-
sure inside the tank is kept below 1-107° Pa. The[FSRlof the cavity is 736.5 MHz
and the calculated finesse is 9518 assuming a loss of 30 ppm per mirror due to
scattering and absorption. A high finesse of the frequency discriminator is de-
sirable because it increases the slope of the error signal and hence the shot
noise limited sensitivity [BlaO1].

To evaluate the status of the reference cavities that were already operating for
several years a finesse measurement was conducted. A sinusoidal modulation
was injected to the used for the power stabilization and a transfer func-
tion was measured from a at a pickoff upstream of the reference cavity to
a downstream of it. Table shows the results, which reveal that all cav-
ities exceed the nominal finesse. This is probably due to the fact that 30 ppm
absorption per mirror was considered as the worst case. However, the cavity
pole frequency is between 29.4kHz and 38.6 kHz. Since there were no prior
data available it is not obvious if losses increased due to accumulated contami-
nations or if the differences have been present from the beginning.

Noise sources associated with the reference cavity

The two main noise sources for the reference cavity are thermal noise and seis-
mic noise. Thermal noise appears as brownian noise in the coating [HGS™02],
the substrate and the spacer [Lev98|], which is associated with mechanical loss.

detector finesse | pole frequency
LHO H1 9570 | 38607 Hz
LHO H2 10816 | 34157 Hz
LLO 12548 | 29443 Hz
Reference System | 11505 | 32114 Hz

Table 5.1: Finesse measurement of reference cavities.
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Furthermore, there is thermal dissipation that causes thermo-optic noise in coat-
ings [EBET08] and in the substrate [VB99]. Thermal noise causes fluctuation of
the optical path length which can be considered as phase fluctuations. There
has been a study by Numata [NKC04] stating that for the spacer geometry of
the reference cavity coating brownian noise is the dominant noise. A thermal
noise limit was derived and experimentally verified that is [NKCO04]

1Hz H
0.1- 222 (5.1)
f VHz

A recent study is conducted at Caltech to probe the thermal noise limit of the
[LIGOltype reference cavity [CSAT13]]. In principle thermal noise can be reduced
by cooling of the cavity [SSR™97, SB]"98]. However, the choice of material is
important because of the temperature dependent thermal expansion coefficient.

Seismic noise couples via vertical acceleration of the spacer. This leads to
a bending of the structure and thus causing a fluctuation in the optical path
length. The reference cavity is already suspended, but for more seismic isolation
a second pendulum stage could be added. Moreover, mounting of the cavity
vertically might be beneficial as well [NRS06, MMaM™09].

The reference cavity tank is a good acoustic enclosure. Keeping it evacuated
for a long time reduces the risks of contamination on the optics. The low pres-
sure is, however, required to reduce scattering due to residual gas fluctuation
[TSFT02]. At a pressure level of 10~°Pa the equivalent frequency fluctuations
are on the order of 1 - 10*5\}{—}%Z [Frioa].

Mechanical resonances of the spacer and environmental temperature fluctu-
ations result in length fluctuations due to the thermal expansion of the spacer.
While the first effect produces peaks in the noise spectrum, temperature fluc-
tuations appear over long time scales. The cavity tank is passively shielded
by foam and a heater attached to the tank allows active temperature control as
described in the next Section.

Temperature control of reference cavity

Tidal gravity fluctuation by the moon and the sun vary the 4 km long[LIGOlarms
by 100-200um, that needs to be compensated by a long range actuator [Adh14].
The reference cavity acts as the ultimate DC frequency reference for and
the thermal expansion of the fused silica reference cavity spacer is 110nm/K.
The requirement for the thermal stability of the reference cavity is set to be less
than 5mK temperature variation per day, which is a factor of ten less than the
equivalent frequency shift due to the tides. Thus no additional load is put on
the long range actuators.
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Figure 5.5: Measurement of the NPRO temperature response to a step in the ref-
erence cavity temperature. The time constant of 5.12h is calculated
by the fit.

Although it might be possible to passively stabilize the reference cavity tem-
perature with proper thermal isolation, a local active control loop is used, which
can also compensate temperature drifts to increasing ambient temperatures in
the laser room when personnel are present and the are enabled. It consists
of four in-loop and one out-of-loop temperature sensors that are mounted to the
cavity tank. The signal of the in-loop sensors is summed and acquired by the
[CDSl It is digitally filtered and fed to the heater that is driven by a high current
The resistance of the heater is 13 () and it can produce up to 34 W.

The reference cavity is kept at an offset temperature of about 39 degree cel-
sius, which is at about the middle of the heater range. It was possible to achieve
an in-loop stability of 2mK temperature variation per day and an out-of-loop
stability of 40 mK temperature variation per day, while the ambient tempera-
ture was varying by 200 mK. Since the sensors are mounted to the tank there is
a 34 uHz pole in the transfer function, which is caused by the time it takes to
heat up the stainless steel tank. Thus the digital part of the loop consists of a
proportional gain.

Due to temperature gradients in the reference cavity tank it is questionable if
the accuracy of the control loop improves by summing the four in-loop sensors
that are about 20 cm apart from each other. Furthermore, the temperature of the
heater is proportional to the supplied power. An actuation of the heater voltage
could require an square root|OPlin a faster loop as there is a quadratic relation
between the voltage and the power.

Finally, there is another delay for the spacer to adopt the tank temperature.
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Figure 5.6: Transfer function of and @LIGORFPDs. The resonance peak
of the style is much broader. As the test setups were
different the absolute level of the amplitude response cannot be
compared.

To measure the time constant a temperature step is put to the heater and the
NPRO crystal temperature was sampled while the frequency stabilization was
locked (Fig. 5.5). A time constant of 5.12h is calculated by a fit of the NPRO
crystal temperature.

RF photodiode

To read out the [RE signal for the locking a [PD was built with a passive
resonance circuit at 21.5 MHz in order to achieve a better shot noise limited
sensitivity. It is similar to other utilized in several loops throughout the
detector. The amplifier design is similar to the design [Gro07] and
it is possible to simultaneously read out signals at two different[RE frequencies.
The design employs a 2 mm Excelitas C30642 PDI[AAFI1] and achieves
shot noise limited input sensitivity is 1.8 mA.

A transfer function of the [PDl was measured (Fig. and compared to the
resonant [PD|used in m For the characterization different test setups were
used, such that the amplitude response calibration is not the same for the two
measurements. The main difference between the two[PDk is the width of the res-

!The readout amplifier design is described in [GroQ7].
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onance peak, which is much narrower for the In the PDIpole
frequency was at 700 kH# A notch filter at twice the modulation frequency is
filtering second harmonic effects.

5.2.2 Controller

In Figure 5.4]the [I'TESS|electronics is shown on the bottom picture. It consists of
a common path (FSSconm), which contains a mixer, an elliptical filter at 21.5 MHz
and a 40 dB variable gain amplifier (VGA). The output of the common path is
split into a path going to the NPROI[PZT] (FSSpzr) and one that provides the
control signal for the (FSSgom). The [PZT] path has another 40 dB
several amplification stages and a notch. In the path there are amplifica-
tion stages with high bandwidth, a notch filter, and a high voltagelOPl|to provide
a high actuation range. The high voltage[ODPin parallel with another gain
stage employing a very fast[OP| that is supposed to provide gain above 500 kHz
where the high voltage [ODis limited.

The sets the cross over frequency between the[PZTland the feed-
back, which can be changed adjusting the in the[PZTlpath. While the
path is AC coupled the PZT]path provides gain at DC. However, it is supported
by a slow digital control loop with a feedback to the NPRO|crystal temperature
(see upper picture in Fig. that keeps the PZT at the middle of its dynamic
range.

To adapt the for several changes were implemented in the
Since the pole frequency of the of 578 kHz is within
the frequency stabilization control bandwidth, an electronic pole compensation
with a zero at 372 kHz and a pole at 8.4 MHz was inserted. The zero was chosen
to be below the PM{ pole to gain some phase margin at the servo Fur-
thermore, proportional gain was added in the [PZT stage as the [PZT] actuation
coefficient is lower for the (Sec. and the corner frequency
of the AC coupling high pass in the path was raised as saturation effects
in the path were observed in the past. Due to mechanical restrictions on
the circuit board the PMCl pole compensation only affects the high voltage am-
plifier stage and not the parallel circuit which was providing loop gain at very
high frequencies. Consequently, the parallel path was deactivated as it did not
improve the loop gain any more and was instead adding noise.

At the[LIGO observatories the [ASMO05] was modified and used.
For the experiments at the Reference System new style [SS09] was used,

2The pole of the shown in Figure|5.6/is 1.35 MHz and was raised to temporarily use
it in the setup.
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which had an additional input to directly measure the PZT] path transfer func-
tion. Moreover, this design employs a different high voltage

5.2.3 Actuator

The split feedback employs three actuators. Two of which, the crystal
temperature controller and the NPROI[PZT were characterized in [KWO08|]. The
[NPROltemperature actuation coefficient for the[aLIGOINPROEs is 2.8+0.3 GHz /K
with a pole at 163141 mHz. For the PZTl the first PZT] resonance is at 200 kHz
and the actuation coefficient is 1.4840.25MHz/V. This actuation coefficient is
nearly a factor of three smaller than it used to be for the [LIGO [NPRO [PZT]
[AMS97].

While a crystal temperature change and an actuation of the[PZT]result
in a proportional change of laser frequency, the (New Focus 4004) actu-
ates the phase of the laser light. However, as shown in Equations and
a phase modulation is equivalent to a frequency modulation with Fourier
frequency dependent modulation index.

The transfer function of the shown in Figure[5.7 was measured from the
input to the error point in and Moreover, in the
transfer function of the was also measured to the frequency stabilization
error point, while the frequency stabilization was locked with low bandwidth
without using the EOM]as actuator. From the slope of the amplitude response
an modulation depth of 0.018 rad/V was calculated, which agrees with
the values from [AMS97] and the vendors specifications. There are
resonances at 780 kHz and a stronger one at 1.7 MHz.

For the measurement to the PMC] error point the PMC] pole and a complex
pole (f=4.79 MHz, Q=0.486) that is implemented after the mixer to filter noise
at the modulation frequency were subtracted in post processing. In case of
the measurement to the reference cavity error point effects from the and
the reference cavity pole were subtracted. The transfer function of the non-
resonant, high bandwidth PMCllocking was measured in [P5l09] and adds
less than 10 degrees phase lag at 5 MHz.

The difference of the two transfer functions measured [HPM]|and [LPMl shows
the influences of the on the actuator transfer function. At a Fourier fre-
quency of 1 MHz a phase lag of approximately 40 degree is added by the
and above 1 MHz there are additional features in the amplitude response as
well.

The transfer function from the input to the reference cavity error point
contains effects from the [RE[PD and the elliptical filter that suppresses the un-
wanted signal at the modulation frequency downstream of the mixer. Both
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Figure 5.7: Transfer function measurement from the in LPM| and [HPM ] to
the PMC error point (blue and red trace). The PMC pole was sub-
tracted in post processing. In[HPM effects from the contribute
to the phase. A measurement from the to the reference cavity
error point (green trace) shows that the resonant RE[PDl and the el-
liptical filter in the effect the actuator transfer function. This
is modeled with a zero at DC, a pole at 2.1 MHz and a time delay
of 130ns. The model is accurate up to 3 MHz. There are [EOM]reso-
nances at 780 kHz and 1.7 MHz.

show up at high Fourier frequencies and can be modeled with an additional
pole at 2.1 MHz and a time delay of 130 ns. This model is accurate up to 3MHz
and is used for the control loop simulations that are described in the next Sec-
tion.

5.2.4 Control loop simulation

A simulation of the frequency stabilization control loop is performed for the
[LPM| and the loop transfer function along with the transfer functions of the
path and the[PZT path are shown in Figure This simulation does not
contain any notch filters that can be implemented in the Furthermore
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Figure 5.8: Simulation of the frequency stabilization control loop in[LPMl The
cross over frequency of the[EOMland the[PZT] path is around 10 kHz.
At 5 Hz the gain of the control loop is 120 dB.

the model derived for the path is applied (Sec. [5.2.3), which does not
contain the EOM] resonances.

At 5 Hz the open loop gain is 120 dB and the cross over between the feedback
paths via the[PZT]and via the is approximately at 10 kHz.

The speed of the high voltage limits the bandwidth of the control loop.
In the initial design this limitation was mitigated by a parallel path employ-
ing a faster [OP (Sec. [5.2.2). As this path has a similar effect than the daughter
board used for the pole compensation [ZRO02], it can be used instead of
the pole compensation in order to achieve the current control loop perfor-
mance.

However, for an optimization of the control loop the PMC pole compensation
has to be implemented in front of the split between the high voltagelOP/and the
fast parallel path. Consequently, such a loop configuration compensates the
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[PMCl pole and provides gain at high frequencies due to the fast path in parallel
to the high voltage [OP and allows a control loop operation with a [UGE above
1MHz.

5.3 Performance of the frequency stabilization

For the evaluation of the performance of the frequency stabilization loop, loop
transfer functions shown in Figure [5.9| were measured. The one taken at
has more loop gain at 10 kHz, which is probably due to a higher cross over fre-
quency between the[EOMland thePZT path. A cross over frequency of 10.5 kHz
and a phase margin of 90 degree was measured for the Reference System in
both [HPMl and [LPMl The loop had a [UGF of 600 kHz in with a phase
margin of 35 degree for the Reference System and 55 degree at The phase
difference is due to a slightly different loop shape at high frequencies. These
measurements are in accordance with the simulations (Sec. [5.2.4). Due to an
additional phase lag from the that was observed in the actuator transfer
function measurement (Fig. a transfer function with a[UGE of 380 kHz and
32.5 degree phase margin was achieved in[HPM|

An [EOM] resonance at 780kHz prohibits a higher in [HPM] since the
phase already dropped below 180 degree at this frequency. This resonance is
not present in the measurement, although the same type of is used.
The other resonance at 1.7 MHz is suppressed by a notch filter. Further-
more, as the[PZTlpath transfer function measurement revealed a[PZT|resonance
at 250 kHz an additional notch was inserted in the [PZT] path. This notch is not
installed at[LLOlcausing a broad resonance at 250 kHz in the loop transfer func-
tion.

The lock acquisition for the frequency stabilization is automated. First the
NPRO temperature is ramped, while a 10 Hz modulation is applied to the PZTl
This is necessary as the [PZT] does not have enough dynamic range to cover a
full If the fundamental mode is found the feedback loop is closed and
the variable gain in the common path is slowly increased to the target
setting. A reduced gain avoids saturation in the amplifiers when the lock is
acquired.

In lock the frequency noise can be obtained by a measurement of the
error signal (Fig. [5.10). As an in-loop measurement it is, however only a best
case estimate of the stabilized frequency noise because it just shows by how
much the unstabilized laser frequency is suppressed by the loop gain. Other
limitations like electronics noise and photon shot noise cannot be estimated
from this measurement. Moreover, the frequency noise is only as good as the
inherent noise of the reference cavity.
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Figure 5.9: Frequency stabilization loop transfer function measured in [LPM]
(blue) and [HPM] (red) at the Reference System and a measure-
ment from (green). Additional phase lag is introduced by the
in[HPMl The measurement has a higher cross over fre-
quency which leads to a higher gain at 10 kHz compared to the mea-
surement at the Reference System. The[EOM|resonances are stronger
at the Reference System. In[LPMla of 600 kHz with a phase mar-
gin of 35 degree (55 degree at[LLO) is achieved whereas in [HPM] the
is 380 kHz with 32.5 degree of phase margin.
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Figure 5.10: Frequency noise measurement at the Reference System. The [DBB

control and error signal show the length noise of the resonator
in [LPMl and [HPM] which is an upper limit for the frequency noise
of the stabilized laser. Excess noise is present in [HPM] at Fourier
frequencies less than 40 Hz. In contrast the frequency stabilization
error signal is a best estimate for the frequency stability. The mea-
surements were done in[LPMland [HPMland the[HPM|measurement
contains a peak at 3 Hz of unknown origin.

The origin of the 3 Hz peak in the [HPM| measurement could not be deter-
mined. Electronics noise at the error point was obtained while there was no
light on the and is shown in Fig. Since the power directed towards
the reference cavity was not always at the same level the shot noise limited sen-
sitivity of 120 mHz/+/Hz is calculated for a worst case with a carrier power of
5 mWﬂ[BlaOl]. Although the shot noise limited sensitivity increases above the
reference cavity pole frequency it is still below the noise level observed at the
error point for all Fourier frequencies.

As the[RFIPDE shot noise limited input sensitivity is 1.8 mA, more than 2.5 mW
sideband power is required to exceed the electronics noise. This corresponds to

3This power level is required in transmission of the reference cavity for the [LIGOarm length
stabilization system. Additional shot noise due to higher order spatial modes is neglected
in this assumption.
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a modulation depth of 0.5rad assuming a total power level of 20mW in the
beam directed towards the reference cavity.

While the frequency stabilization error point measurement sets a lower limit
for the stabilized laser frequency noise, an upper limit can be obtained by the
frequency noise measured with the (Fig.[5.10). The control loop
has a of 700 Hz, such that the measured frequency noise is observed in the
control signal below and in the error signal above 700 Hz. As it is confirmed
in the frequency noise measurement with the (Sec. the measured
noise level represents the length noise of the resonator. However, the
frequency noise is close to the reference cavity length noise at 5 Hz [CSA™13],
which is dominated by vertical seismic motion. Compared with the PMC (Fig.
the resonator is a much better frequency reference. Furthermore,
there is an increased noise level in [HPM| below 40 Hz which might be due to
the presence of scattered light.

Noise couplings

There are a number of noise sources, apart from the inherent reference cavity
noise, that can influence the performance of the frequency stabilization. This
Section will discuss the coupling mechanisms and point out the benefits of us-
ing an as an actuator for the power stabilization and the PMC as part of
the frequency stabilization loop with respect to cross couplings.

Since an[AOM]| does not effect the phase of the beam in zeroth order, a power
actuation does not have an effect on the frequency stabilization. In other cases
when the current to the laser pump diodes is actuated a frequency modulation
is imposed on the laser beam as well [WBD™00]. However, amplitude modula-
tions have an effect on the frequency stability as they can impose offsets on the
frequency stabilization error signal. In the ideal case when the reference cavity
is locked exactly on resonance amplitude modulations appear as second order
effects [Fri93]. If there is a small electronics offset in the frequency stabiliza-
tion control loop or noise imposed by residual amplitude modulation (RAM)
produced by the [WGBS5, KIK* 14], amplitude modulation coupling will
appear as first order effect. Fluctuations of the[RAM]at the modulation sideband
frequency results in a similar coupling effect. Since the sensing for the power
stabilization is done downstream of the the power noise is suppressed
very well in the beam directed towards the reference cavity. However, varia-
tions of the RE power applied to the that is used as frequency actuator,
could add power noise to the beam.

Phase noise added by the PMC|is suppressed by the frequency stabilization,
as the PMCis part of the frequency stabilization control loop (Fig. [5.4). Since
thePMCpole is approximately at the of the frequency stabilization control
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loop, it has a negligible effect on the shot noise limited sensitivity of the control
loop. A study showing the advantages of having the PMC within the frequency
stabilization control loop was conducted at Caltech [Kaw03].

Furthermore, phase fluctuations caused by vibrations of the periscope used to
couple the laser beam into the reference cavity and pointing noise in conjunction
with static misalignments [Fri93] can cause excess frequency noise.

5.4 Input-Modecleaner

In the previous measurements with the (Sec. the frequency noise mea-
surement accuracy was limited by inherent length fluctuations of the re-
sonator. The Input-Modecleaner serves as a very good frequency reference for
frequencies above 5Hz and a frequency noise measurement utilizing the
is obtained in Section

The M is a resonator in a triangular configuration inside the [LIGO| vac-
uum system. Its three mirrors have a diameter of 150 mm, a thickness of 75 mm
and a weight of 2.9 kg. They are individually suspended by a three stage pen-
dulum, which is mounted to a seismically isolated optical table. Two of the
mirrors (IMC; and IMGC;) are flat, have a power transmission of 0.006 and are
located adjacent to each other, such that the beam is hitting them at an angle of
44.6 degree (Fig. 5.4). The third mirror has a of 27.24m, is high reflective
and approximately 16 m apart from the other two. Consequently, the optical
round trip path length is 32.9 m. The Gaussian beam waist size is 2.12mm and
it is located between the flat mirrors [MMT13].

Frequency noise is passively suppressed above the pole frequency of 8.72 kHz.
The is 9.1 MHz and the has a finesse of 522. Moreover, there is active
frequency noise suppression, which is described in the next Section. The
acts as spatial mode filter and filters REl modulation sidebands. In regular op-
eration the laser beam traveling towards the [MC is vertically polarized with
respect to the optical table] The acts as polarization filter as a horizontally
polarized beam experiences an extra phase shift of 7t per round trip due to an
odd number of reflections. Furthermore the provides a pointing noise fil-
tering factor of 250 [Miil09] and its eigenmode serves as stable beam reference
for the

4For alignment purposes the polarization of the input beam is rotated in order to reduce the
finesse.
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Control loop

Figure 5.4 shows the control loop for the Similarly to the locking of the
the is kept resonant with the impinging laser field by [PDHlocking
technique. Phase modulation sidebands for the locking are imprinted by an
downstream of the PMC] at 24.08 MHz. The RE/[PD has the same style
as the one used for the sensing of reference cavity error signal (Sec. [5.2.1). In
contrast to the the serves as frequency reference as well. Therefore
the controller incorporates a common gain stage (IMCcowm) followed by a split of
the signal fed back to the [MCllength actuator (IMC ) and to the laser frequency
(IMC).

As the length noise is dominated at low Fourier frequencies by seismic
noise that drives the suspension resonances, which are below 3 Hz, the rigid ref-
erence cavity is a better frequency reference. Above the pendulum resonances
of the IMC| suspensions, seismic noise is strongly suppressed and the [M(] is
the better frequency reference, respectively. Theoretical models show that the
ideal cross over frequency is at 5Hz. However, hierarchical control of the three
length actuators in conjunction with the pendulum resonances limits the cross
over frequency to 15 Hz [Muel4]. The best cross over frequency can be exper-
imentally determined by a measurement of the frequency noise with the arm
cavities, which were not commissioned during the [IMCl commissioning.

The actuator for the frequency actuation consists of a low noise and
an [AOM] (Isomet 1205C). The [AOMlis operated in a double pass configuration
to minimize beam pointing of the diffracted beam. Hence, it is placed in the
focus of a curved mirror with 300 mm [ROC| (Fig. [5.4). A small beam waist size
inside the of 155 um reduces the interaction time of the acoustical wave
with the laser beam and thus the time delay in the feedback control loop.
The output frequency is 80 MHz and can be adjusted by +£1 MHz. Hence,
the frequency of the laser beam is shifted by 160 + 2MHz. The design
was improved compared to the design because phase noise was
dominating the frequency noise of the beam transmitted by the [M(] at high
Fourier frequencies [Adh04]. For a lower phase noise is achieved by a
reduction of the dynamic range of the [ASQ9].

The phase lag imposed by the was measured to be 19 degree at 50 kHz
and 42 degree at 100kHz. This allows the operation of the IMC| control loop
with a up to 100kHz. The phase noise equivalent frequency noise of the
is flat and less than 1 mHz/+v/Hz in a frequency band between 40 Hz and
30 kHz [ASQ9], which contributes twice to the frequency noise of the laser beam
due to the double pass.

A variable gain stage in the common path of the[MC|controller allows a lower
gain during lock acquisition in order to avoid saturation effects. At 1kHz the
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control loop provides a gain of 50 dB, while it was robustly locked with a
of 40kHz and a phase margin of 67.5 degree.

5.4.1 Frequency noise measurement

During the commissioning, the is operated at different input power
levels. Most of the time the input power was 3 W, but it was increased to a max-
imum power 120 W for a short high power test described in Section For
the frequency noise measurement with the [MC| the [FEUk and air conditioning
in the laser room were turned off. The measured signal is the control signal of
the [MC acquired at a monitor port of the which represents the frequency
noise of the pre-stabilized beam at the input of the between Fourier fre-
quencies of 15Hz up to the of the feedback control loopf} A subse-
quent pole-zero combination in the VCOl path, a 6 dB amplification at the VCO|
monitor port, the voltage to frequency conversion coefficient of 246 kHz/V at
DC and a factor of two due to the double pass have to be considered for
the calibration of the signal.

Figure shows a history of the frequency noise at the input of the
over the course of the commissioning. The was operated at input
power levels of 1W and 3 W. Between September of 2012 and January of 2013
the was changed from the version to the low-noise version,
which is described in the previous Section. The power stabilization was oper-
ated in different conditions, that were unfortunately not recorded at the time of
the frequency noise measurement. The frequency stabilization loop for the ref-
erence cavity provided 19dB gain at 100 kHz and 60 dB at 10 kHz. In between
the frequency noise measurements the alignment of the reference cavity and the
alignment of the was changed several times. Between January of 2013 and
August of 2013 the water distribution of the[HPOlwas modified as described in
the next Section. Moreover, a passive lowpass filter was added to the electronics
of the PZT] which is mounted to the top of the periscope, that is sitting on the
laser table and used to direct the laser beam towards the

Some noise sources are not displayed in Figure as their influence to the
total noise is negligible. Among them is the photon shot noise, which is below
200 uHz/+/Hz and increasing above the pole. The phase noise equivalent
frequency noise of the is at approximately 200 uHz/+/Hz and other ef-
fects caused by technical are at least two orders of magnitude below the
measured frequency noise level.

As for most of the other measurements the frequency noise in [HPMlis higher

°For the January 2013 measurements the [UGH was 20 kHz and for the September 2013 mea-
surement 30 kHz.
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Figure 5.11: Measurement of the [MC| control signal fed back to the repre-

100

senting the frequency noise of the beam entering the in HPM|
(red trace) and [LPM] (green, blue and orange traces). Three mea-
surements show the frequency noise over one year of [MClcommis-
sioning. At low frequencies an increase in the noise level in [HPM]
is observed, while the dominating noise source is unknown. The
mid frequency band is dominated by vibrations on the laser injec-
tion bench. Fourier frequencies above 5kHz could be limited by
injection bench fluctuations as well or by power to frequency noise
coupling. Electronics noise is not limiting the frequency noise per-
formance below 20 kHz.
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at Fourier frequencies up to 100 Hz. The dominating noise source for all mea-
surements up to 80 Hz is unknown. Seismic noise coupling to the reference
cavity is at a level of 0.1 Hz/+v/Hz at 15Hz according to a measurement taken
at Caltech in a different environment [CSAT13]. Above 15Hz the coupling is
decreasing rapidly due to the influence of the reference cavity suspension. The
frequency noise between 80 Hz and 2kHz is dominated by vibrations of the
periscope on the laser table and optic mounts [Muel4]. This was measured by
a frequency noise projection of an accelerometer signal acquired at the top of
the periscope. The noise improved after the modification of the laser water dis-
tribution. Thus the best noise curve obtained in August of 2013 touches the
thermal noise limit described in Equation at 1.5kHz. The trace measured
in September of 2012 ends at 5kHz as it was acquired digitally at a sampling
rate of 16 kHz.

Since the accelerometer data were also sampled digitally it cannot be esti-
mated if noise above 5kHz is correlated to injection bench vibrations as well.
The difference between the measurements at Fourier frequencies above 4 kHz
and the limiting noise source for the measurement taken in August 2013 might
be caused by power noise to frequency noise cross coupling. To investigate
this possibility a transfer function from the out-of-loop power stabilization
to the NPROIPZT] control signal was measured at the Reference System and at
The source was injected at the error point of the power stabilization loop.
The measurements were dominated by noise up to 10kHz, which is already
the cross over frequency between the PZTl and the [EOM] path and so the cou-
pling constant obtained is setting an upper limit for the coupling. At 10kHz
a coupling coefficient of 10* Hz/RIN was measured at[LLOland 10° Hz/RIN at
the Reference System. Another transfer function was measured from the power
stabilization out-of-loop PD to the frequency stabilization error point. The cou-
pling coefficient at the error point is 0.29 Hz/RIN at 10 kHz. This coefficient has
to be multiplied by the loop gain of the frequency stabilization control loop. As-
suming a gain of 60 dB the coupling coefficient is 290 Hz/RIN. A power noise
of 2 - 1077 /+/Hz as derived from Figure (3.3| yields a frequency noise as high as
2mHz/+/Hz. Due to the coupling mechanism of amplitude to frequency noise
(Sec. the coupling coefficient can change depending on the control loop
offset. Enabling the power stabilization decreases the power noise at 10 kHz
by 5dB to 20dB. As the status and the gain of the power stabilization loop
was not recorded further investigation are required to determine the limiting
noise sources at high frequencies. Moreover, the strong peak at 14 kHz could
be caused by a resonance of the reference cavity spacer. A measurement of the
electronics noise shows that it is not limiting the frequency noise performance
below 20 kHz.
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Figure 5.12: Measurement of the frequency noise of the beam entering the
in[LPM|with different configurations of the cooling water dis-
tribution. The first measurement was obtained with the nominal
flow rate (green trace), a reduced flow rate (blue trace) and with
the water lines disconnected from the A noise reduction is
achieved between 80 Hz and 5 kHz.

Excess noise due to vibration of cooling water

High flow rates are required in order to provide sufficient cooling of the
laser crystals (Sec. 3.1.2). It was found that the connectors used to supply the
cooling water to the create a turbulent flow at the water interface.
This is leading to vibrations that propagate throughout the laser table and ring
up resonances of mechanical components on the table.

To evaluate the influence on the coupling to the frequency noise of the laser
beam entering the the water flow was reduced and afterwards the water
lines to the were completely disconnected. Figure depicts the three
scenarios. An obvious reduction in the noise coupling is observed by lowering
the flow rate. In case that the water lines are disconnected from the only a
few resonances are left in the frequency noise spectrum.
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However, to operate the[HPO|the nominal flow rate is required to avoid dam-
ages caused by heat. Therefore the water interface was changed such that the
hoses are directly connected to the[HPOlinterface. Thereby the small aperture of
the old connectors were removed, which leads to a more laminar flow through
the interface. Nevertheless, turbulent water flow remains in the cooling cham-
bers for the laser crystals.

5.4.2 High power Input-Modecleaner test

To demonstrate that the is capable of handling high input powers as they
are planned for the operation of the laser power of the input beam was
increased up to 120 Wﬂ The laser power was increased in steps of 30 W and kept
at the final power level of 120 W, which was the highest available input beam
power at that time, for more than one hour. The study of thermal effects that
can arise due to absorption in the optics and the robustness of the nested
control loop were two of the main aspects of the high power test.

One possibility to characterize absorptions is by measuring the pole frequency.
As the round trip [MC length does not change this is a direct measurement of
the finesse and consequently the losses inside the cavity (Eq. (3.17)). The speci-
fication for absorptions of a mirror is 1 ppm and the loss due to scattering
should stay below 15 ppm [MMT"13]. An increase of the total loss by 10 ppm
shifts the cavity pole frequency by 30 Hz.

A transfer function is measured from a high bandwidth [PDl upstream of the
to another downstream, while a swept sine is applied to the
that serves as power stabilization actuator. A single pole lowpass is fitted to the
data to determine the cavity pole. Figure[5.13|shows the results of the fitted pole
frequencies at different input power levels. The standard deviation is calculated
for the mean value. For the measurements of power levels from 3W to 120W
the mean value of the pole frequency varies by 131 Hz but the data does not
show an explicit trend. Hence, it is obvious that this method cannot be utilized
to detect absorption changes on a ppm level. However, it can be used to check
for clipping in the [MC|beam path, which increase the loss by several hundred
ppm. Due to apertures that are supposed to block scattered light, beam clipping
is a concern when the alignment is changed. To determine absorptions
of the mirrors tracking of the Gouy phase as described in Section or a
measurement of mechanical internal resonance frequencies of the optics is more
accurate.

® After this test it was found that contaminations on the optics in conjunction with high
power could cause permanent damage and the was only operated at low power.
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Figure 5.13: Pole frequency measurement of pole at input power levels up
to 120 W. The pole frequency is obtained by a transfer function mea-
surement of power fluctuation suppression upstream and down-
stream of the The fitted pole frequencies, the mean values
and their standard deviation is plotted. This method cannot detect
mirror absorption changes on a ppm level. It can be used as a fast
detection of losses due to clipping in the [MClbeam path.

5.5 Prospects

Future improvements of the frequency stabilization with respect to the control
loops considered in this thesis can be split into two categories. The first is the
improvement of the robustness, gain and bandwidth of the frequency stabi-
lization control loop. The other is the characterization and mitigation of noise
sources unrelated to the loop gain limitations of the frequency stabilization.

To improve the bandwidth of the control loop the has to be replaced by
an whose resonances are at higher frequencies. In order to avoid phase
lag from the the can be located in the high power beam downstream
of the [OMM10]. Furthermore, if the electronics path parallel to the high
voltage is reactivated more phase margin is provided above 500 kHz. For
now loop gain is not a major concern as the out-of-loop frequency noise mea-
surement (Fig. is not limited by the gain of the control loop (Fig.
up to Fourier frequencies of 10 kHz. However, increasing the bandwidth of the
frequency stabilization control loop could be beneficial as it permits to raise the
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of the control loop without causing loop instabilitief’}
Characterizing the frequency noise sources for Fourier frequencies below 80 Hz
and above 5kHz is essential (Sec. [5.4.1). However, if this noise originates from
the reference cavity it is suppressed by the loop gain of the control loop
and will not contribute to the frequency noise at the input of the A second
out-of-loop measurement with the arms will provide a characterization of
the reference cavity noise below 15Hz and helps to identify and mitigate noise
sources. For the Fourier frequency range between 80 Hz and 5 kHz vibration ab-
sorbers are currently installed on the periscope to damp mechanical resonances.
For further characterization of effects related to the high laser power, a long
term[MC]test, in order to obtain a high power out-of-loop frequency noise mea-
surement can be conducted. This allows for a long term test of the control loop
robustness in[HPMland for a study of excess noise at low Fourier frequencies.

5.6 Summary

In this Chapter the laser frequency stabilization using the reference cavity and
the as sensor is described. Moreover, the unstabilized laser frequency noise
is characterized in Section5.1land was found to follow the characteristic
frequency noise for an operation in and [LPMl

For the description of the control loop (Sec. a detailed study of the sensor
(Sec. [5.2.T), controller (Sec. and the actuator (Sec. was performed.
The actuator analysis includes an examination of the effects the adds. It
was determined that the adds approximately 40 degree phase lag at 1 MHz
to the control loop transfer function.

The performance of the full control loop is evaluated in Section In
a[UGE of 600 kHz is achieved whereas in [HPM| the additional phase lag allows
an operation with a of 380kHz. The experimental data are in accordance
with the control loop simulations presented in Section resonances
at 780 kHz and 1.7 MHz limit the maximum bandwidth of the control loop.

An out-of-loop frequency noise measurement with the resonator is lim-
ited by the resonator’s inherent length noise (Sec. [5.3). Therefore an out-of-loop
measurement is obtained with the (Sec. 5.4.T). The measurement revealed
that the input beam reaches a frequency noise stability of 6 - 107> Hz/v/Hz at a
Fourier frequency of 1.5kHz which is close to the coating thermal noise limit.

7 As the current [M{ transfer function has 45 degree phase margin at 100 kHz, it is possible to
increase the [UGH beyond 100 kHz in the current configuration. Splitting the [MC feedback
signal into two paths and feeding fast frequency fluctuations directly back to the[TTESS error
point circumvents the time delay introduced by the propagation of the acoustical wave in
the allows for an even higher [KBD*12]
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This measurement was obtained after replacing the[HPOlwater interface, which
caused vibrations on the laser table due to a turbulent flow in conjunction with
a high flow rate. The measured frequency noise is so far not limited by the loop
gain of the frequency stabilization up to a Fourier frequency of 20 kHz.

In order to test the robustness of the control loops and to study thermal
effects the input power was increased to 120 W. By determination of the
pole frequency a method is presented which can determine clipping inside the
path which creates losses of more than 100 ppm (Sec. 5.4.2).

Further investigation are required to identify frequency noise sources below
Fourier frequencies of 80 Hz and above 5kHz (Sec. [5.5). An out-of-loop of fre-
quency noise measurement below 15Hz can only be obtained with the
arm cavities as they are a more stable frequency reference than the [IMCl
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Conclusion

An ultra-stable high power laser is one of the key elements for a state-of-the-art
interferometric gravitational wave detector. For Advanced LIGO the custom
high power laser, the Pre-Modecleaner, the power- and frequency stabilization
systems are described, analyzed and characterized in detail.

Three high power laser systems have been implemented, two of them at the
observatories and the third at the[AEIlin Hannover. These systems oper-
ated without a major downtime for three years robustly and with the required
noise performance. The long term characterization of the systems is described
in Chapter 3| Moreover, a PMC was designed and extensively characterized.
Contaminations related to the high power operation were found and mitigated.

In Chapter [4] the performance of the power stabilization control loops
was evaluated in two different configurations with a sensor inside and outside
the vacuum system, respectively. In order to design and optimize the control
loop a simulation was carried out before the control loop was implemented.
Operating the loop with the in vacuum sensor a quantum noise limited stability
at a relative power noise level of 3.5 - 10-8/1/Hz was achieved over a Fourier
frequency band between 30 Hz and 500 Hz. As contamination control issues
in other subsystems did not allow for a higher power level it was not
possible reach the design sensitivity of 2 - 107°/v/Hz at 10 Hz.

Since the requirements in terms of frequency stability did not change com-
pared to the existing frequency stabilization, which utilizes a rigid refer-
ence cavity as frequency reference, was adapted and optimized for the
configuration. The characterization (Chap. revealed that the adds
45 degree of phase lag at 1 MHz, which needs to be accounted for in the con-
trol loop design. Consequently, the UGE of the high bandwidth control loop is
lower in[HPM]than in LPM|when the is switched off. The frequency noise
was evaluated using the as out-of-loop sensor. For a Fourier frequency
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band from 20 Hz to 10 kHz the noise is below the requirements set by the
except for peaks in the 100 Hz to 1 kHz region, which are caused by vibrations
of mechanical components on the laser table.

In order to study the thermal effects inside the a high power test was
conducted (Chap. [5). The input power level was raised up to 120 W and thermal
effects were not disturbing the operation.

A reliable and well characterized high power laser system is essential for the
successful operation of a The [aLIGO|[PSI] described in this thesis forms
such a system and will most likely provide the light for the first direct detection
of gravitational waves.
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