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Abstract Second-generation interferometric gravitational
wave detectors require high-power lasers with approximately
200 W of output power in a linear polarized, single-frequency,
fundamental-mode laser beam. Furthermore very high temporal
and spatial stability is required. This paper discusses the design
of a 200 W pre-stabilized laser (PSL) system and the underlying
concepts. The PSL requirements for advanced gravitational wave
detectors as well as for the laser system are described. The laser
stabilization scheme proposed for the Advanced LIGO gravi-
tational wave detector and the so-called diagnostic breadboard
will serve as examples to explain the general laser stabilization
concepts and the achieved performance and its limitations.

A 200 W high-power laser system developed for advanced grav-
itational wave detectors. The box on the left contains a 35 W
front-end laser which is used to injection-lock the high-power
stage (center of the photograph). The black box contains diag-
nostic tools to perform a comprehensive laser characterization.
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1. Introduction

The research related to gravitational wave detection is a
fascinating, fast-growing field in physics. Due to the strong
technological advances in precision interferometry the first
direct detection is within reach and an increasing number
of scientists work on source modeling, on the development
of data analysis methods and on experimental techniques
to improve the sensitivity of current detectors.

Currently a search for gravitational waves is being per-
formed by an international network of large-scale laser-
interferometric gravitational wave detectors (GEO600 [1],
LIGO [2], TAMA300 [3] and Virgo [4]).

Although the scientific community is still awaiting
the first detection, upper limits on the strength of grav-
itational waves emitted from several sources have been
established [5]. One of the most interesting results so far is

that the known pulsar in the Crab Nebula emits less than
4% of its overall energy loss in gravitational waves. This
corresponds to a mass asymmetry of that pulsar of less
than 10~ [6]. A regularly updated list of observational re-
sults can be found on the publications website of the LIGO
Scientific Collaboration [7].

While the data from the first long science runs are still
being analyzed, upgrades to the long-baseline detectors are
planned to improve their sensitivities and scientific reach
for astrophysical sources. The Advanced LIGO Project [8]
as well as the Advanced Virgo Project [9] aim for sensi-
tivity improvements of a factor of 10, which corresponds
to an increase in the number of detectable sources by ap-
proximately 1000. The installation phase for the advanced
detectors will start in 2011 and several years of commis-
sioning will be required to reach the design sensitivity.
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Gravitational waves will give astrophysicists a new tool
for studying the universe, beyond the different forms of
electromagnetic radiation that have been used to date. New
insight into the dynamics of supernova explosions and into
the inspiral and merger phase of massive binary objects
like neutron stars or black holes can be gained from gravita-
tional wave waveforms and from their combination with the
results from numerical simulations. Detection of neutron
star normal modes could bring us information on their equa-
tion of state, and the detection of a stochastic gravitational
wave background would allow us to look further back in
time than is possible with electromagnetic waves.

Although astrophysics was and is the main driving force
for the development and improvement of gravitational wave
detectors (GWDs), detector science has become a fascinat-
ing field in optics and precision metrology. Technology
improvements in the field of low-loss dielectric mirror coat-
ings (e.g. [10-12]), seismic isolation (e.g. [13-15]), low-
noise high-power lasers (e.g. [16]) and mechanical oscilla-
tors with high quality factors (e.g. [17, 18]) were strongly
influenced by research devoted to meeting the demanding
requirements of GWDs. Fundamental studies on thermal
noise in mechanical systems (e.g. [19-22]) led to a much
deeper understanding of the underlying physics. Also, the
areas of quantum non-demolition (QND) measurements
(e.g. [23,24]) and squeezed-light sources (e.g. [25]) were
strongly influenced by the possible application of these tech-
niques in GWDs. Furthermore the sensitivity of GWDs and
prototype interferometers is approaching a level that will
allow us to study mirrors as quantum objects (e.g. [26-28]).

For many years large, ton-scale cryogenic resonant
mass detectors [29] dominated the field until laser inter-
ferometers surpassed the sensitivity of those so-called bar
detectors. The fundamental noise source of laser interfero-
metric GWDs directly related to the laser light is the shot
noise in the interferometer readout. As the signal-to-noise
ratio of the readout noise can be improved by higher light
power in the interferometer, GWDs need high-power lasers
as light sources. First-generation GWDs use lasers with
light power of approximately 10 W [30,31] and second-
generation GWDs require power levels of the order of
200 W. In general, increasing the light power in the in-
terferometer improves the sensitivity until the noise in-
troduced by fluctuating radiation pressure forces on the
mirrors reaches the same level as the readout noise. At this
power level the so-called standard quantum limit (SQL) is
reached. The response of the suspended mirrors to fluctuat-
ing radiation pressure forces depends on the mirror mass
and on the Fourier frequency. Hence the value of the SQL
as well as the power level at which the SQL is reached
depend on these two parameters. Once the mirror masses
are increased to the maximal feasible level, only QND tech-
niques or the use of non-classical light sources can improve
the sensitivity further. In addition to these quantum fluctua-
tions, the technical power noise of the laser can couple into
the main interferometer output (e.g. [32,33]). Frequency
noise and spatial fluctuations of the laser beam can also
limit the sensitivity of GWDs (e.g. [33, 34]). Hence sophis-

ticated techniques are required to stabilize the lasers by
means of feedback control loops or passive filtering.

This paper is devoted to the light sources of GWDs
and their stabilization. After a short introduction to the
measurement principle of GWDs and a description of the
requirements on their laser sources (Sect. 2), different op-
tions for high-power generation are reviewed (Sect. 3) with
special emphasis on the scheme chosen for the Advanced
LIGO 200 W laser system. Sect. 4 describes an integrated
laser characterization tool and explains the stabilization
scheme for the Advanced LIGO pre-stabilized laser (PSL).
Although this scheme has features specific to Advanced
LIGO, it can serve as an example for more general stabi-
lization concepts. Almost all techniques are also applicable
to fiber-based laser systems like the one currently under
consideration for the Advanced Virgo GWD [9] or in many
other fields that require highly stable laser systems. The
paper ends with a summary and outlook of the future of
lasers for GWDs (Sect. 5).

2. Gravitational wave detectors and their
light sources

To fully understand gravitational waves one needs to study
Einstein’s theory of general relativity. Gravitational waves
manifest themselves as ripples in the fabric of space-time.
They are transversal quadrupole waves and can have two
polarizations. Fig. 1 shows a schematic of the effect of a
gravitational wave generated by a rotating binary system
of two stars. The gravitational wave travels with the speed
of light and changes the space-time fabric at a rate corre-
sponding to twice the rotation period of the binary system.

Figure 1 (online color at: www.lpr-journal.org) A gravitational
wave generated by a rotating binary system of two stars causes
space-time, and with it a circular arrangement of masses, to be
deformed with a rate twice that of the rotation frequency of the
stars. The strength of the gravitational wave can be described by
the strain b = 2x 61/l
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Figure 2 (online color at: www.lpr-journal.org) A gravitation
wave (GW) with period T’ changes space-time such that a circular
arrangement of test masses (blue) changes to an ellipse (orange)
at T'/4, back to the circle at T'/2, to the green ellipse at 37°/4 and
back to the circle at the end of a period. A Michelson interferome-
ter with its beam splitter in the center of the circle is a perfectly
matched instrument to measure the effect of a gravitational wave
passing the Earth.

For an explanation of the measurement principle of
GWDs let us assume we have a set of free masses arranged
on a circle (see Fig.2). When a gravitational wave passes
this arrangement the space-time fabric changes in such a
way as if the circle were transformed into an ellipse. A
quarter of a period later the arrangement will look circular
again and will then change into an ellipse now having its
major axis perpendicular to the direction it had half a period
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earlier. The strength of a gravitational wave is given by the
strain h and can be quantified by the relation h = 2x4l/l,
where 4§l is the difference between the radius of the circle
and the long or short axis of the ellipse and [ is the radius
of the circle. The expected strain h of gravitational waves
on Earth is very small with h < 102!, which is why they
have not yet been detected.

A Michelson interferometer with its beam splitter in
the center of the circle and the two arms aligned along
the principal axes of the ellipse (see Fig.2) is an ideal in-
strument to measure the differential change in arm length
caused by a gravitational wave. The variation of the dif-
ference between the length of the two interferometer arms
Al =l — 11 would cause a change in the light power 1 at
the interferometer output port. The optical response of an
interferometer defined as §1( Al) follows a cos?(Al) rela-
tion and is plotted in Fig. 3. The power change on the output
photodiode caused by a gravitational wave depends on the
operation point of the interferometer, i.e. on the value of Al
in the absence of gravitational waves. In Fig. 3 the response
to a sinusoidal displacement is depicted for the so-called
mid-fringe and dark-fringe operation point. Although the
mid-fringe point gives the largest signal for a given change
in arm length, all GWDs operate near the dark-fringe point.
This is for several reasons, the most important of which
is the strong coupling of laser power fluctuations into the
interferometer output at the mid-fringe.

The leading term in the response at the dark port is
quadratic, such that a harmonic displacement with a fre-
quency {2 is converted into a photodiode signal at 2(2. At
this operation point the directional information is lost which
means that one cannot tell from the photodiode signal if
the differential displacement became larger or smaller. This
fact is in particular problematic for interferometer length
control. In addition, at this operation point the tiny pho-
tocurrent produced by a potential gravitational wave would
be much smaller than unavoidable technical noises. For-
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Figure 3 (online color at: www.lpr-
journal.org) Response of an interferometer to
a differential displacement of its end mirrors
or to a gravitational wave. Time series are
plotted to visualize the dynamic response of
an interferometer to a harmonic path-length
variation at the dark-fringe and mid-fringe
operation points.
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tunately both effects can be compensated using a hetero-
dyne detection technique. A full description of the sensing
scheme of GWDs is beyond the scope of this paper, but
can be found in a book by Saulson [35]. The actual opti-
cal design of GWDs is much more complex than a simple
Michelson layout. The fundamental concepts of different
optical layouts (Fabry-Perot arm cavities, delay lines, power
and signal recycling techniques) are also described in Saul-
son’s book. A detailed description of the different GWDs is
given in the status report of various projects [1-4] and refer-
ences therein. Although the design of these GWDs is quite
different, they all use solid-state lasers as light sources, all
with similar noise requirements. The design and stabiliza-
tion of such lasers will be the topic of the remaining part of
this paper.

3. High-power lasers for gravitational
wave detectors

The main challenges in the development of laser systems
for use in GWDs arise from the fact that the high-power
radiation has to have a diffraction-limited spatial profile
and must be linearly polarized. Furthermore, the laser has
to operate in a single-frequency mode with low fluctuations
in power, frequency and beam pointing. The laser design
has to incorporate wide-range, high-bandwidth actuators
for stabilization purposes and it needs to ensure a high reli-
ability, a soft failure mode and should be easy to maintain.
To achieve these goals, several design choices have to be
made and special techniques need to be applied.

The tasks of generating high laser power and to ful-
fill the single-frequency requirement are usually split by
the use of a master oscillator power amplifier (MOPA) de-
sign or by injection locking a high-power oscillator to a
single-frequency master laser. A Nd:YAG non-planar ring
oscillator (NPRO) is commonly used as the master laser
(see Fig. 4).

This laser type was invented by Byer and Kane in
1985 [36] and NPROs are commercially available with
output powers of up to 2 W [37]. The non-planar resonator
design in combination with an internal Faraday rotation,

coating
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Figure 4 (online color at: www.lpr-journal.org) Schematic and
image of a NPRO which is used as a highly stable master laser in
all high-power laser systems for GWDs.

achieved with a permanent magnet placed close to the crys-
tal, provides all features required to form a unidirectional
ring laser. Both the Faraday effect and the non-planar design
cause a rotation of the polarization state of the circulating
light field. The two effects, however, add for one traveling
direction of the beam and subtract for the opposite one. This
fact together with the polarization-dependent reflection co-
efficient of the front facet cause different round trip losses
for the two directions. Since a homogeneous line broad-
ening mechanism is dominant the light fields traveling in
opposite directions can compete for the gain and the system
responds with single directional operation. For large crystal
temperature ranges the laser operates in a single-frequency
mode and the monolithic design ensures small mechanical
fluctuations in the cavity length. A small change in the crys-
tal temperature caused by fluctuations in the power of the
pump light was found to be the dominant source for the fre-
quency noise of the NPRO [38]. This temperature change
couples via the temperature dependence of the refractive in-
dex and, to a smaller extent, through the thermal expansion
of the crystal, to the optical resonator length and by that to
the laser frequency. A piezoelectric element mounted on top
of the laser crystal can introduce a stress-induced refractive
index change in the laser resonator and can hence be used
as a tuning element for the laser frequency. For slow, wide-
range actuation of the laser frequency the well-controlled
crystal temperature can be changed.

The relative power noise (RPN) of commercially avail-
able NPROs in the gravitational wave band (10Hz to
10kHz) is RPN < 1x10=¢ Hz~'/2, and each NPRO comes
with an internal noise eater that suppresses the relaxation
oscillation peak at around 1 MHz and reduces the low-
frequency RPN by a factor of approximately five. Fig.5
shows the noise spectral density of relative power noise of
eight different NPRO units with the noise eater turned on,
and an average taken over all units with noise eater off. For-
mally the noise spectral density is the Fourier transform of
the autocorrelation function. For a stationary noise source
the spectral density allows a much deeper insight into the
characteristics of the noise than the time series. Spectral
features in the spectral density point towards resonances
in the noise coupling path and the overall curve reveals
information on the spectral shape of either the noise source
itself or the transfer function via which it couples into the
signal under investigation.

In addition, NPROs have a good spatial beam profile
with in most cases less than 3% of the power in higher-order
modes. They are slightly elliptically polarized and their po-
larization extinction ratio can, by means of retarding plates,
be improved from 1/6 to 1/100. A detailed characterization
of NPROs can be found in [39], which provides information
on the unit-by-unit fluctuations of eight NPROs as well as
day-by-day fluctuations of one unit over 3.5 months. To
gain the day-by-day fluctuation results, one NPRO was auto-
matically characterized each night. Frequency noise, power
noise, pointing noise and the higher-order mode content
were measured with a diagnostic breadboard (see Sect. 4).

© 2010 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 (online color at: www.lpr-
journal.org) Relative power noise of eight
different 2W NPRO lasers with operating
noise eater and an average over all systems
with the noise eater turned off. The noise
eater is an internal power stabilization loop
optimized to suppress the relaxation oscillation
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Noise spectra and histograms of several lasers show that
the NPROs are highly stable laser sources with only small
variations between different samples. The performance de-
scribed above makes an NPRO well suited as a master laser
in a MOPA or injection-locked configuration.

One of the main objectives in high-power generation
is to handle the thermal load in the laser crystals. Pump
light is absorbed in the crystals and, due to the quantum
defect, non-radiative decay and absorption processes start-
ing from the upper laser state, a fraction of this power is
converted into heat which has to be removed via a cooling
interface. This effect unavoidably generates a temperature
gradient and the resulting stress sets an upper limit to the
acceptable pump power, as the stress needs to stay below
the stress-fracture limit of the crystal material. The temper-
ature gradient, combined with the temperature dependence
of the refractive index, the thermal expansion of the crystal
material and the photoelastic effect in the material, gener-
ates a thermal lens [40] that has to be taken into account
in the laser design. Aside from its focusing power this lens
normally shows large aberrations, and several concepts can
be found in the literature to reduce the effect of these aber-
rations. One solution is to choose a zigzag path of the laser
mode in the direction of the thermal gradient and hence
to average over the thermal effects [36,41,42]. A second
solution is to align the laser mode parallel to the thermal
gradient and choose the crystal aspect ratio such that the
mode radius is large compared with the crystal thickness.
This concept is applied in thin-disc lasers [43]. In fiber
lasers (e.g. [44]), the thermal problem is reduced by ex-
tending the length of the active medium and by confining
the laser mode in the fiber. The concept chosen for the Ad-
vanced LIGO laser is a rod design which makes use of the
aberrated thermal lens to improve the spatial beam profile,
as will be described later.

The rod geometry has several advantages compared
with the slab design. As the rod geometry matches the
circular beam shape of the Gaussian laser mode, very good

at frequencies of approximately 1 MHz.

spatial overlap between the gain medium and the laser mode
can be achieved, which in turn leads to a high efficiency of
the laser. The good overlap furthermore reduces the regions
with unsaturated gain that could support parasitic modes.
Such modes can cause a degradation of the spatial beam
quality in slab lasers, and a careful choice of the crystal
angles and of the surface roughness of the slab is essential to
achieve high output powers [45]. Closed paths for parasitic
modes in rods are very unlikely as only the end faces have
planar surfaces that could support such modes.

One key problem of rod crystal geometries in linearly
polarized lasers is the depolarization caused by stress-
induced birefringence [46,47]. The temperature gradient
causes stress in the radial direction which leads to the fact
that the principal axes of the birefringence are the radial and
tangential directions (see Fig. 6). Hence a linearly polarized
laser mode senses different refractive indices at different
locations: p-polarized light for example senses 7;aqia) at
the left and right side of the crystal whereas at the top and
bottom it Sees Nyangential - In addition npadial and Neangential
depend in a different way on the temperature profile such
that the polarized beam sees two thermal lenses with dif-
ferent focal length. This effect is called bi-focusing. At
other locations, for example at the third position marked
in Fig. 6, the laser beam senses a combination of nyagia)
and Ngangential Such as if the rod was a retardation plate.
Hence, if the rod is put between crossed polarizers a clover-
leaf-shaped intensity profile as illustrated in Fig. 6 will be
transmitted. The depolarization as well as the bi-focusing
can limit the achievable output power of linearly polar-
ized lasers.

Both effects, depolarization and bi-focusing, can be re-
duced to a large extent by choosing a naturally birefringent
laser material such as neodymium-doped yttrium vanadate
(Nd:YVOQ,), as was done in the case of the intermediate
power stage of the Advanced LIGO laser [48,49]. In this
laser system the NPRO light passes four Nd:YVOy, crystals
in an amplifier configuration (see Fig. 7).

www.lpr-journal.org
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Figure 6 (online color at: www.lpr-journal.org) Explanation
of the depolarization effect caused by radial stress in laser rods.
The blue arrows show the polarization direction that senses the
refractive index in the tangential direction and the red arrows
correspond to the radial direction. The clover leaf intensity profile
forms when a depolarized laser beam passes a polarizer.
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Figure 7 (online color at: www.Ipr-journal.org) Schematic lay-
out of a 35 W front-end laser system. An NPRO is amplified
by four Nd:YVOy crystals each pumped with a fiber-coupled
laser diode.

Each crystal is pumped by a 400 um diameter, NA:0.22
fiber-coupled laser diode with a nominal power of 45 W.
To increase the lifetime of these diodes the pump power
is set to 33 W during normal operation. The laser crystals
with a 3mm X 3 mm cross section consist of a 2 mm un-
doped and an 8 mm long doped Nd:YVOy, region (0.3 at.%).
The un-doped region is bonded to the crystal to reduce
thermal stress at the surface where the pump beam enters.
To separate the pump light from the laser light, dichroic
45° mirrors with an anti-reflection coating for the pump-
light wavelength and a high-reflection coating for the laser
wavelength are implemented. Efficient cooling of the laser
crystals is realized by wrapping them into a 500 um thick
indium foil and by mounting this assembly in water-cooled
copper blocks. After passing the four laser heads the NPRO

A 35W

Figure 8 (online color at: www.lpr-journal.org)
Nd:YVO, amplifier stage. The laser crystals are mounted in water-
cooled copper blocks for conductive cooling.

2 W beam is amplified to a level of 35 W. In a power scal-
ing experiment output power levels of up to 65W for a
seed power of 20 W were achieved [49]. An image of the
amplifier stage is shown in Fig. 8.

Wavelength matching between the Nd:YAG and the
Nd:YVOq, system can be done by temperature tuning of
the NPRO. As a result of the broad emission profile of
Nd:YVO; of approximately 0.9 nm (FWHM), an efficient
amplification was achieved over a large NPRO tempera-
ture range of 2540 °C [49]. The pump spot diameter in
each crystal was optimized to achieve a high extraction
efficiency without degrading the spatial beam profile. The
spatial beam quality of the NPRO (97% TEMq, mode con-
tent) is only slightly degraded by the amplification process,
and 95% of the power of the 35 W laser was measured
to be in the TEMy mode. This small degradation can be
attributed to the third and fourth amplification stage, as
after the first two stages a TEMyp mode content of 97%
was measured. The combined system of the NPRO and the
vanadate amplifier stages will be called the 35 W front end
in the following. The RPN of the 35 W front end is identical
to the NPRO RPN at frequencies below 50 Hz and exceeds
it by a factor of up to five for frequencies in the audio band.

The high-power stage for the Advanced LIGO laser is
an injection-locked oscillator with four laser heads. Each
laser head consists of a water-cooled Nd: YAG rod and its
pump unit (see Fig.9). The rods are 3 mm in diameter and
have a 40 mm long 0.1 at.% doped region. Two un-doped,
7 mm long end-caps are bonded to their ends to reduce the
heat load at the rod faces and to allow for a uniform cooling
of the active region by supporting and sealing the rods at
these un-doped ends. The pump units consist of seven fiber-
coupled 808 nm laser diodes, each with a nominal output
power of 45 W. As in the case of the front end, the laser
diodes are operated at reduced output power to increase
their lifetime. The light leaving the fiber bundle is coupled
into a 2 mm diameter, 10 mm long fused silica rod to mix

© 2010 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the pump light of the different fibers and to produce a uni-
form intensity profile which avoids hot-spots in the crystal.
An additional benefit of this homogenizer is the fact that
the spatial pump-light distribution does not change when
one laser diode fails. In that case the reduced power can
be compensated by the remaining six diodes and the faulty
diode can be replaced at a convenient time. A telescope fo-
cuses the pump light into the laser rod where the pump light
is guided by total internal reflection, as the water-cooled
rod surface acts as a waveguide. A highly reflective coating
at 808 nm on the end-face of the rod leads to a double-pass
configuration for the pump light. This has the advantage
of a more uniform pump-light absorption along the crystal
axis than a single-pass arrangement would provide [50].

Fig. 10 shows a schematic layout of the complete high-
power stage. The bi-focusing and birefringence problem
mentioned above can be almost completely suppressed us-
ing the following compensation scheme [51]: the four rods
are grouped in two pairs, each with a lens combination
that images one rod of a given pair into the second one. In
addition, a quartz rotator changes the polarization state of
the beam between the two rods of a pair by 90°. Hence the
light has sensed an equal distance of 7radial a0d Ngangential
by traveling through a rod-rotator—rod unit. This scheme
works almost perfectly for a two-head pair as described
in [50]. Equally good results are achieved in the four-head
Advanced LIGO laser and almost no light in the charac-
teristic depolarization pattern is reflected by the Brewster
plate that serves as a polarizer in the resonator. An aper-
ture in the resonator [52] or a sophisticated design of the
stability ranges of the high-power resonator [48] ensures a
fundamental-mode operation of the laser. The latter makes
use of the aberrations in the thermal lens which are more
relevant for higher-order spatial modes than for the funda-
mental mode. Hence higher-order modes sense a different
effective focal length of the thermal lens. Based on this

3 mm diameter rod
YAG / Nd:YAG / YAG
7mm/40mm /7 mm

1, S
v

Figure 9 (online color at: www.lpr-journal.org)
Each of the four laser heads of the 200 W laser con-
sists of a homogenizer, pump-light imaging optics, a
45° resonator mirror and water-cooled Nd:YAG rod.
The 808 nm pump light is brought to the laser head
via seven pump fibers. An 808 nm high-reflective
coating at one of the rod surfaces establishes a
double-pass configuration and leads to high pump-
light absorption.

Figure 10 (online color at: www.Ipr-journal.org)
Schematic of the 200 W high-power stage. The ring
laser consists of four laser rods grouped in two pairs
each with a depolarization compensation unit: two
lenses and a quartz rotator (QR). Due to a Brew-
ster plate (BP) the laser produces linear polarized
light which is partly transmitted through the output
coupler (OC). A mirror mounted on a piezoelectric
actuator (PZT) can be used to injection lock this
laser to the 35 W front end.

difference a specific pump power together with a specific
resonator design can be chosen, such that the diffraction
losses for higher-order spatial modes are higher than for
the TEMyy mode, and that the laser thus operates in its
fundamental mode.

An NPRO, a 35 W amplifier and the injection-locked
high-power oscillator form the Advanced LIGO laser sys-
tem, a photograph of which is shown in Fig. 11. A prototype
version of this laser system delivers more than 200 W output
power and an automatic lock-acquisition process takes typi-
cally less than 10 ms. Once injection-locked, a control loop
feeding back to a fast piezoelectric actuator and to a slow
long-range actuator keeps the system in lock for several
days until an external disturbance occurs. To investigate the
long-term behavior of the system, frequent characterization
measurements are performed with a diagnostic breadboard,
which is described in Sect. 4.

Figure 11 (online color at: www.Ipr-journal.org) A 200 W high-
power laser system. The box on the left contains a 35 W front end
that is used to injection-lock the high-power stage (left side). The
black box contains the diagnostic breadboard used to perform a
comprehensive laser characterization.
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4. Laser beam characterization
and stabilization

Lasers for use in GWDs have to fulfill exceedingly strin-
gent requirements concerning their stability and reliability.
The frequency stability in the interferometer needs to be
at a level of several uHz Hz~'/? which corresponds to a
relative stability of 10720 Hz~ /2 and RPN values as low
as RPN < 2x 107° Hz~'/? have to be reached at a Fourier
frequency of 10 Hz. Such extreme stability levels can only
be achieved by starting with a low-noise laser system that
is then further stabilized by means of nested control loops
with sophisticated sensing schemes. The laser stabilization
scheme employed for the Advanced LIGO detector is one
possible way to meet such demanding requirements. The
key elements of this stabilization scheme will be described
in the next section of this paper.

For the design of the laser stabilization as well as for
the optimization process of the laser system itself, an accu-
rate characterization of the laser performance is essential.
Especially for complex systems such as the four-head high-
power injection-locked laser described above, frequent char-
acterization measurements have to be performed. Small
changes in the resonator alignment can influence many
beam parameters, as, for example, the higher-order mode
content, the RPN or the beam pointing fluctuations. When-
ever the alignment is changed during, for instance, a power
optimization process, a full characterization of the laser
is required to determine possible effects of the new align-
ment on the other beam parameters. Furthermore, a fast and
accurate characterization ability is a prerequisite for drift
investigations and for short GWD down-times during laser
maintenance work. Hence we developed a fast, easy-to-use
and automated characterization tool capable of measuring
the beam parameters to the required precision.

The diagnostic breadboard

The diagnostic breadboard (DBB) is a tool for performing
comprehensive laser characterization. The heart of the DBB
(see Fig. 12) is a rigid-spacer ring resonator that serves as a
modal and frequency reference. The design of this resonator
is similar to the one described in [53]. The Pound-Drever-
Hall method [54, 55] is used to obtain information on the
difference Av between the frequency of the laser under test
and the frequency of the appropriate fundamental mode
resonance of the resonator. In this technique a laser beam
with phase modulation sidebands is aligned to match the
eigenmode of the optical resonator.'. Most of the carrier

! The sideband picture is used in this paper as it allows one
to gain an intuitive understanding of the behavior of light fields
with different frequencies under interference conditions and in
situations that involve optical elements with a narrow line width
and an associated strong dispersive behavior. The main fraction of
the light field will be called the carrier and electric fields at slightly
larger/lower frequencies the upper/lower sideband, respectively.
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Figure 12 (online color at: www.lpr-journal.org) Schematic
overview of the diagnostic breadboard. An optical resonator de-
fines the spatial and frequency reference against which the laser
under test is compared. The modal content is analyzed with a trans-
mission photodiode (TPD) and a CCD camera. Quadrant photodi-
odes (QPD) measure the pointing fluctuations and piezoelectric-
actuated steering mirrors (PZT) are used as part of an automatic
alignment system. The power fluctuations are measured with a
photodiode (RPD).

light field is directly reflected at the in-coupling mirror of
the resonator. A smaller fraction is transmitted through this
mirror, travels around the cavity, is then reflected at the
in-coupling mirror and can interfere with the light field that
enters the cavity via the in-coupling mirror one round-trip
time later. If the phases of the two fields match, e.g. if the
round-trip length is an integer of the wavelength, the light
is said to be on resonance. The light fields that successively
enter the cavity interfere constructively and the field inside
the cavity can, in a steady-state situation, build up to a
much higher level than the field strength of the injected
field. A fraction of this field now leaks out of the cavity
via the slightly transmissive in-coupling mirror and can
interfere with the directly reflected light mentioned earlier.
The amplitude and phase of this combined carrier field de-
pends on Av and on the impedance matching of the cavity.
(For a comprehensive description of optical cavities see
standard textbooks such as [56,57].) A further interference
between the reflected, non-resonant sidebands and the com-
bined carrier leads to a power modulation of the light at the
sideband frequency, which can be detected with a photo-
diode. The size and phase of the photocurrent now carries
the information on Av, and a subsequent electronic mixing
process results in an electrical signal that is proportional
to Av (at least as long as Av is smaller than the cavity’s
linewidth). A control loop feeding back to the resonator
length via a piezoelectric actuator can be engaged to keep
the cavity resonant with the laser beam, and the error and
control signals of this loop provide the desired informa-
tion on the frequency noise of the laser. The sensitivity of
this frequency noise measurement, which is limited by the
length noise of the resonator, is sufficient to measure the
fluctuations of the non-stabilized Advanced LIGO laser. By
putting this resonator into a sealed metal tank, its length
fluctuations can be reduced to a level at which the associ-
ated fluctuations of its resonance frequency are, by about

© 2010 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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one order of magnitude, below the free-running noise of
an NPRO. Evacuation of the tank does not improve this
level further.

The beam reflected by the locked resonator is split
into two paths and aligned onto two quadrant photodiodes.
These diodes are used in a differential-wavefront sensing
scheme [58] to gain information on the relative pointing
of the laser beam in regard to the eigenmode of the res-
onator. Four degrees of freedom are relevant, which can
be interpreted as a tilt and as a parallel shift of the laser
beam in the horizontal and vertical direction. By means
of four control loops including two piezoelectric-actuated
steering mirrors, the laser beam is automatically aligned to
be collinear with the resonator mode. The error and control
signals of these loops are then combined to estimate the
pointing fluctuations of the laser under test. These control
loops furthermore ease the mode matching of the laser into
the resonator as the beam is always kept perfectly aligned
during the adjustment of the mode-matching lens positions.
After the mode matching is optimized, the length and align-
ment loops are disabled and the length of the resonator is
scanned over several free spectral ranges. The transmitted
light power is monitored and a theoretical curve is automat-
ically fitted to the measurement to calculate the strength of
higher-order modes that are resonant at different lengths of
the non-degenerated resonator. Fig. 13 shows two example
measurements. In the upper curve a spatially pre-filtered
NPRO beam is characterized to demonstrate the sensitiv-
ity limit of the DBB and its analysis software. The total
higher-order mode content of the beam is 0.18% and the
smallest higher-order modes found by the software corre-
spond to a fractional power level of 107°. In the lower
curve the spatial profile of a 148 W photonic crystal fiber
amplifier [59] is analyzed. CCD images of the strongest
higher-order modes are shown as insets. Both graphs show
only the measured transmitted power and the fundamental
mode fit. All curves representing the higher-order mode
fits are omitted for clarity. As discussed in [60], such mode
scans are the only accurate way to measure the higher-order
mode content of a laser beam, and this technique is supe-
rior to conventionally used M? measurements or Gaussian
beam fits to CCD camera images. Furthermore some spe-
cial features of the resonator design allow one to obtain
information on the beam ellipticity and astigmatism [60].

Almost half of the power injected into the DBB is
aligned onto a high-power InGaAs photodiode (RPD in
Fig. 12) which can be used to measure the power noise of
the laser up to 70 MHz with a shot noise limited sensitivity
of 3 x 107" Hz /2,

A computer-controlled measurement sequence can be
initiated that performs a series of consecutive measure-
ments of almost all beam parameters described above. Only
the high-frequency power noise has to be measured sepa-
rately with a spectrum analyzer. Noise spectral densities,
drifts and error bars for the measured quantities can then be
calculated. The DBB has proven to be a versatile instrument
and will be an integral part of each Advanced LIGO PSL.
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Figure 13 (online color at: www.lpr-journal.org) A modal anal-
ysis performed with the DBB. In the upper graph a spatially
pre-filtered NPRO beam is characterized. Only 0.2% of its power
is found in higher-order modes. The lower graph shows the modal
content and of a 148 W photonic crystal fiber amplifier with im-
ages of the dominant higher-order modes.

It has been used to measure the fundamental-mode content
of several NPROs (typically 97%), several 35 W front-end
lasers (typically 96%), a 180 W high-power stage (around
90%) and a 148 W photonic crystal fiber laser (92%), and
can be a useful supplement to many laser systems. More
results of DBB measurements can be found in [39, 60].

Spatial filtering and frequency stabilization

A medium finesse rigid-spacer ring cavity, called the pre-
mode cleaner (PMC), is implemented in the Advanced
LIGO PSL (see Fig. 14) to reduce the higher-order mode
content of the laser beam. As the largest fraction of the
spatial filtering of the laser is performed further downstream
inside the GWD vacuum system by the suspended mode
cleaners, only a small pre-filtering of the beam is required
within the PSL. In the Advanced LIGO case the PMC has
to filter higher-order modes of the laser beam to a level of
< 5% and needs to reduce the beam pointing of the laser
by a factor of several hundreds. Both tasks can be achieved
using a PMC with a finesse of F' ~ 100.

www.lpr-journal.org
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Figure 14 (online color at: www.Ipr-journal.org) Layout of the
Advanced LIGO PSL system including a schematic of the nested
frequency control scheme. EOM: electro-optical modulator; AOM:
acousto-optical modulator; FI: Faraday isolator; PMC: pre-mode-
cleaner resonator; FSS: frequency stabilization electronics.

The PMC furthermore provides some filtering of RPN
at the rf-frequencies at which additional phase modulation
sidebands are imprinted on the laser beam downstream of
the PSL. (These sidebands are used in Pound-Drever-Hall
sensing schemes for the length and alignment control of the
interferometer.) The power noise filtering of a Fabry-Perot
cavity can be described by

1
V1+(f/fe)?

where Hr(f) is the power fluctuation transfer function
for light transmitted through the cavity at the Fourier fre-
quency f and f. is the cavity half-width at half-maximum
(HWHM). An intuitive understanding of this filter function
can be gained in the sideband picture?. If the PMC is reso-
nant for the carrier light, the transmission of sidebands at a
HWHM frequency is reduced by a factor of v/2. The power
modulation of a beam is composed of the beat of the car-
rier with the modulation sidebands and therefore the power
noise at a Fourier frequency of a HWHM is filtered by a
factor of /2. In the Advanced LIGO case a HWHM for
the PMC of approximately 580 kHz was chosen to provide
a power noise filtering of a factor of 15 at the modulation
frequency of 9 MHz.

Lasers with small frequency fluctuations are required
in several different fields of quantum optics and metrology
such as in ultra-stable optical clock design, high-precision

Hr(f) =

2 1t should be noted that the sideband strength describes the
amplitude of the electric field and not the light power.

spectroscopy and quantum state engineering (e.g. [61-64]).
However, none of these experiments can reach the fre-
quency stability of the GWD lasers in the 10 Hz—10kHz
region. This is mainly attributable to the high stability and
small linewidth of long-baseline high-finesse cavities of
GWDs. These cavities provide seismically well-isolated
frequency references for Fourier frequencies above the res-
onances of their mirror pendulum suspensions. At lower
Fourier frequencies, however, most GWDs rely, as precision
metrology experiments, on environmentally well-isolated
rigid-spacer reference cavities (e.g. [65-67]). Interestingly
the fundamental stability limit of such reference resonators
was found to be related to coating thermal noise [68], which
is also a limiting noise source in GWDs?. Hence scientists
from the GWD as well as from the metrology community
started to work in a combined effort with coating vendors
to reduce the thermal noise in dielectric coatings while
maintaining their high optical quality [69].

The goal for PSLs of GWDs is to achieve an intermedi-
ate frequency stability level and to provide high-bandwidth
actuators for control loops that use the long GWD cavities
as frequency references. In the Advanced LIGO case (see
Fig. 14) the laser is pre-stabilized to a rigid-spacer high-
finesse reference cavity that is suspended in a thermally
controlled vacuum chamber on the laser table. For this pur-
pose a small fraction of the power is picked off the main
laser beam and is injected into the reference cavity after a
set of phase modulation sideband are imprinted on the beam
with an electro-optical modulator (EOM). The previously
described Pound-Drever-Hall method is used to determine
the deviation of the laser frequency from one of the resonant
frequencies of the reference cavity, and this information
is used in a control loop to minimize this deviation. The
control signal is fed back to the piezoelectric frequency ac-
tuator of the NPRO and to a second EOM placed between
the NPRO and the 35 W amplifier, which can be used as
a fast phase-correcting actuator. A double-passed acousto-
optical modulator (AOM) is placed between the pick-off
point and the reference cavity such that it can change the
frequency of the main laser beam with respect to the beam
that is stabilized to the reference cavity. This AOM together
with the temperature control of the reference cavity serve
as actuators to stabilize the laser to the suspended mode
cleaner and the interferometer.

Power noise reduction

Various mechanisms coupling laser power fluctuations into
the gravitational wave channel exist in advanced GWDs.
These coupling paths depend strongly on the interferometer
design and can be divided into two classes. The first class
couples directly via fluctuations in the light power detected

% Coating thermal noise is associated with mechanical motion
of the dielectric coating stack and hence with a displacement
of the effective point of reflection. This motion is activated by
thermodynamic fluctuations in the solid.
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on the dark port photodiode. In a real interferometer there is
always at least a small amount of light on this photodiode,
for example due to intentional or accidental deviation from
the dark-fringe operation point of the GWD. In this case
a change of the light power injected into the GWD would
cause a change in the power on the output photodiode and
would be interpreted as a gravitational wave signal.

The second class couples via radiation pressure fluc-
tuations into the position of the suspended interferometer
mirrors. Although the beamsplitter ideally causes the power
fluctuations on the laser beam to be split symmetrically into
both interferometer arms, any asymmetry in, for example,
the optical losses in the arms can break this balance. This
would result in a difference in light power in the two arms
and in the radiation pressure force on the suspended mir-
rors. Correspondingly a differential mirror displacement
would occur which is then falsely interpreted as a gravita-
tional wave. Even without any technical RPN on the light
entering the interferometer, the quantum mechanical de-
scription of the beamsplitter results in uncorrelated shot
noise in the arms which sets a lower limit on the radiation
pressure noise.

Experimental investigations of existing GWDs [32] as
well as simulations for advanced detectors [33] show com-
plex features in the power noise coupling to the interfer-
ometer output. Coupling of power fluctuations into length
and alignment control loops makes the situation even more
complex such that only a detailed simulation of the interfer-
ometer behavior can reveal the frequency-dependent RPN
requirement for advanced GWDs.

The most stringent requirement in the Advanced LIGO
PSL was calculated to be RPN < 2x10~? Hz~'/? at 10Hz.
As the main challenge of power stabilization experiments
is the sensing of the power fluctuations, first stabilization
experiments were performed with low-power lasers. Several
such experiments [70-72] were limited by unexplained
excess noise. Only recently could the required stability
level be demonstrated [73]. In an NPRO power stabilization
experiment extreme care was taken in the design of the
electronics and in the reduction of scattered light in the
optical setup. The laser beam was spatially filtered before
it was detected with a multi-photodiode detector and the
experiment was performed in a dust-free environment. With
this setup we were able to achieve a RPN level of better
than RPN < 1.7 x 10~° Hz~"/? for frequencies between
10Hz and 1 kHz.

Fig. 15a shows the basic principle of a power stabiliza-
tion setup. A fraction P, of the main laser beam Pjager
is sent to a photodetector PD;. This photodetector mea-
sures the fluctuations and provides the error signal for a
control loop filter, which sends the control signal to the
laser to compensate for the fluctuations measured on PD;.
In most experimental situations the beam transmitted by
the beamsplitter is sent to the main experiment and it is
often assumed that the fluctuations measured on PD; are
identical to the fluctuations on the beam sent to the main
experiment. This assumption fails for fundamental reasons
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Figure 15 (online color at: www.lpr-journal.org) a) Principle of
a power stabilization experiment. b) The same power stabilization
setup with an out-of-loop detection which typically shows that
larger fluctuations remain on the light beam than the in-loop
measurement would suggest.

if one enters the shot noise limited regime and fails for tech-
nical reasons if noise sources add independent fluctuations
on the sensing beam reflected by the beamsplitter and/or
on the transmitted beam. Hence it is important to perform
a so-called out-of-loop measurement with an independent
photodetector PD5 as indicated in Fig. 15b.

One example of a technical noise source would be elec-
tronic noise of the photodetectors. The electronic noise
Nf' of PD; adds to the error signal, and the control loop
will impress equivalent fluctuations with opposite sign onto
the laser beam. In a steady-state situation the impressed
fluctuations cancel the original noise and its appearance
in the error signal will be reduced by the loop gain G to
N, = N¢t/G. The electronic noise of PD; will, however,
now show up as power noise in Fls and can be sensed
by PD-. (This means that the noise on the beam sent to the
main experiment in Fig. 15a is not necessarily equal to the
RPN measured on PD;.) PD> has its own electronic noise
NS5 which we assume to be independent of the noise of PD;
and hence both will add in an incoherent way in the output

of PDy to Ny = 1/ (IN¢)2 + (N5)2, and if we assume that
Nt = N§ = N°¢ we get Ny = v/2x N®.
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Fig. 16 shows the result of the power stabilization exper-
iment mentioned above [73]. Curve a shows the so-called
free running noise of an NPRO laser without stabilization.
Curve b shows the noise spectral density measured with
the in-loop detector when the control loop is closed. As
mentioned above it represents the free-running noise di-
vided by the loop gain. Curve c is the out-of-loop noise
measured with photodetector PD5. Curve d shows the pro-
jected electronic noise (incoherent sum of N¢ and NS), and
the expected shot noise is indicated by curve e.

The measurement shows that the out-of-loop noise is
very close to the projected electronic noise at frequencies
below 5 Hz. At higher frequencies the shot noise of the two
photodetectors clearly explains the level of the achieved
power stability. The shot noise was calculated from the
measured DC photocurrent of 200 mA (PD;) and 189 mA
(PD»). To handle such high photocurrents, which corre-
spond to light power levels of almost 250 mW, we used
arrays of four photodiodes for each photodetector (PD;
and PD»).
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A number of effects had to be considered to avoid addi-
tional noise in the light sensing. Some examples are point-
ing of the beam on the photodiode in combination with
photodiode non-uniformities, polarization fluctuations in
combination with a polarization-dependent splitting ratio
of the pick-off mirror, scattered light with a fluctuating
phase that beats with the main beam under investigation
and electronic noise. All these effects were suppressed to a
sufficiently low level in our experiment.

The results discussed above were achieved utilizing an
NPRO as the laser source and an electro-optical amplitude
modulator as the actuator in the power stabilization loop.
Due to the greater complexity and the higher power level,
a more complicated control loop design is required for a
200 W class GWD laser. Again the Advanced LIGO pre-
stabilization concept will serve as an example (see Fig. 17).

Starting from an expected free running RPN of approx-
imately 1073 Hz'/? at 10 Hz a nested control loop with
more than 110 dB loop gain has to be designed. The sensing
point is placed at a leakage port of the PMC (see Fig. 17)

from sensing
in GWD

Figure 17 (online color at: www.lpr-
journal.org) Layout of the Advanced
LIGO PSL system including a schematic
of the nested power control scheme. AOM:
acousto-optical modulator; FI: Faraday isola-
tor; PMC: pre-mode-cleaner resonator; ISS:
frequency stabilization electronics.
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such that power fluctuations caused by beam pointing or
PMC length noise can be detected by this sensor. Several
options exist to reduce the RPN at this point. The feed-
back signal could be sent to the AOM placed between the
NPRO and the amplifier stage. This actuator has a high
bandwidth of 100 kHz but has a limited actuation range as
the transfer function for relative power variations from the
NPRO power to the power of the full system is —20 dB up
to 1 kHz. This means that we would have to vary the NPRO
power with the AOM by 50% to compensate for 5% relative
power fluctuations on the 200 W beam. A second option
is to modulate the pump diode power of the high-power
stage. This actuator scheme has a wide range and reduces
the noise in the high-power stage from where it most likely
originates. The laser dynamics, however, reduces the useful
bandwidth of this actuator, and a variation in the thermal
lens is associated with the change in pump power. A third
scheme would rely on an AOM placed into the 200 W beam.
This actuator provides a large range and high bandwidth
and would be the optimal choice, if it can withstand the
high power on long time scales and does not introduce too
large a spatial beam aberration.

A detailed study of the origin of the power noise in the
200 W laser and investigations of the performance of the
high-power AOM are under way to design the final power
stabilization control loop. This design will incorporate an
input from an additional control loop filter to compensate
for RPN sensed further downstream in the GWD where a
stability level of RPN < 2x 107" Hz~'/? is required.

5. Summary and outlook

This paper presents a summary of the design of high-power
laser systems to be used in GWDs. The detection principle
of GWDs is explained and the design choices made for the
laser system of the Advanced LIGO GWD are reviewed.
The DBB serves as an example to explain fundamental laser
characterization and stabilization techniques, and some
measurements taken with the DBB are shown. Finally the
frequency and power stabilization and spatial beam filtering
with a PMC are discussed. Special emphasis is placed on
power stabilization, as it sets the most demanding noise
requirement on lasers for second-generation GWDs.
Design work on third-generation GWDs has already
started, as for example in the design study for the Einstein
Telescope (ET) funded by the European Union [74, 75].
These detectors will continue to set the most stringent re-
quirements on the beam shape, temporal stability and reli-
ability of their continuous-wave high-power light sources.
Several new concepts in the laser and stabilization design
are currently under investigation within the third working
group of the ET design study. Fiber lasers show a promis-
ing performance and could replace the current solid-state
lasers, and new sensing schemes will probably replace the
classical RPN detection methods (e.g. [76,77]). It is possi-
ble that third-generation GWDs will require higher power
levels and/or light of longer (1550 nm) or shorter (532 nm)

wavelength. Hence it is expected that the research and de-
velopment on GWD light sources will continue at a high
level and that important contributions to future develop-
ments in the field of lasers and photonics will be made by
this research.
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