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Abstract

Virgo is a cavity-enhanced Michelson interferometer built for the direct detection
of gravitational waves whose existence was predicted by Albert Einstein in 1916
with the theory of general relativity. With its 3km arm length, the differential

strain sensitivity of Virgo reached the order of 10_22@_1. The Advanced Virgo
project consists of major upgrades to the Virgo interferometer for even higher sen-
sitivity, reaching the order of 10-2y/Hz  and thus leading to probable detections
of gravitational waves.

To advance the quantum noise limit of precision interferometry, among other
techniques, it is essential to increase the optical power of the laser beam injected to
the Michelson interferometer. A low-noise single-frequency laser system delivering
around 175 W of optical power in the fundamental Gaussian TEMy, mode is called

-1
for, with relative power noise as low as 2.35 x 107 +/Hz = and frequency noise as

low as 4.00 x 1077 Hz \/E_l.

This thesis discusses the realization of the aforementioned ultra-stable high-
power laser system with the use of coherently combined master oscillator fiber power
amplifiers. Commercially available fiber laser amplifiers are characterized in terms
of beam quality, power noise, frequency noise, beam pointing stability, as well as
long-term stability, and are coherently combined with Mach-Zehnder interferome-
try. The means for laser characterization are also developed in accordance with the
stringent noise specifications.

The quasi-continuous operation of two low-noise fiber laser amplifiers delivering
around 40 W of optical power over the course of a few thousand hours is demon-
strated, providing for the first time a realistic measure of their robustness for laser
interferometric gravitational wave detectors. Part of the laser beams from these
fiber laser amplifiers, about 35 W each, are then combined in free-space with greater
than 95 % efficiency. Higher optical power may result from the combination of more
units, while that from the rapid progress in the field of fiber laser amplifiers may
also be considered. Despite the shortcoming of output power, the developed laser
system complies with the noise requirements of Advanced Virgo.

Keywords: laser characterization, fiber laser amplifier, coherent beam combination,
interferometry, gravitational wave detector
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Résumé

Virgo est un interférometre de Michelson dont les bras contiennent des cavités Fabry—
Perot. Il a été construit pour détecter de maniere direct les ondes gravitationnelles
dont 'existence a été prévue par la théorie de la relativité générale d’Albert Einstein
en 1916 selon la théorie de la relativité générale. Avec ses bras de 3km, Virgo a été

—1
capable de mesurer des déformations relative différentielle au niveau de 10722y/Hz .
Le projet Advanced Virgo est une amélioration majeure de Virgo pour atteindre

une sensibilité encore plus élevée, soit au niveau de 10*23\/571, avec laquelle la
détection des ondes gravitationnelles deviendra probable.

Pour faire reculer la limite du bruit quantique dans 'interférométrie de précision,
parmi d’autres techniques, il est nécessaire d’augmenter la puissance optique du
faisceau laser injecté dans I'interférometre de Michelson. On prévoit un systeme laser
mono-fréquence de 175 W de puissance optique présentant des stabilités accrues pour

le bruit relatif de puissance et pour le bruit de fréquence, soit 2.35 x 1079 v/ Hz et

4.00 x 10~ 7" Hz \/E_l, respectivement.

Ce travail de these a pour objet la réalisation de ce systeme laser de haute-
puissance et de haute-stabilité basé sur 'utilisation d’amplificateurs a fibre com-
binés de fagon cohérente. Des amplificateurs a fibre disponibles dans le commerce
sont caractérisés en termes de qualité de faisceau, de bruit de puissance, de bruit
de fréquence, de stabilité de pointé du faisceau, et également en terme de stabilité
a long terme sur quelques milliers d’heures. On implémente l'interférométrie de
Mach-Zehnder pour la combinaison cohérente de faisceaux. Les techniques de car-
actérisation de faisceaux laser sont aussi développées en considérant leurs limites
ultimes.

Le fonctionnement quasi-continu des deux amplificateurs a fibre bas-bruits avec
une puissance optique de 40 W est démontré comme une mesure de robustesse pour
ses applications dans les détecteurs interférométriques d’ondes gravitationnelles. Une
partie des faisceaux sortant de ces deux amplificateurs a fibre, 35 W chacun, sont
combinés en espace libre avec une efficacité de plus de 95%. On peut obtenir une
puissance optique plus élevée en combinant un nombre plus grand d’unités. On
pourra aussi considérer a moyen terme des unités plus puissantes compte tenu des
rapides progres dans le domaine des amplificateurs a fibre.

Hormis un déficit de puissance optique, le systeme laser développé dans ce travail
sur la base de la combinaison cohérente de Master Oscillator Fiber Power Amplifiers,
remplit les conditions posées par Advanced Virgo.

Mots-clés: caractérisation de laser, amplificateur a fibre, combinaison cohérente de
faisceaux, interférométrie, détecteur des ondes gravitationnelles
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Acronyms

AdV Advanced Virgo

AR Anti-Reflective

ASE Amplified Spontaneous Emission
AOM Acousto-Optic Modulator

CBC Coherent Beam Combination
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INJ Injection Subsystem of Advanced Virgo
MOFPA Master Oscillator Fiber Power Amplifier
MOPA Master Oscillator Power Amplifier
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PSL Pre-Stabilized Laser Subsystem of Advanced Virgo
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SNL Shot Noise Limit

SQL Standard Quantum Limit
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In general we look for a new law by the following process. First we
guess it. Then we compute the consequences of the guess to see what
would be implied if this law that we guessed is right. Then we compare
the result of the computation to nature, with experiment or experience,
compare it directly with observation, to see if it works. If it disagrees
with experiment it is wrong. In that simple statement is the key to
science. It does not make any difference how beautiful your guess is. It
does not make any difference how smart you are, who made the guess,
or what his name is if it disagrees with experiment it is wrong. That is
all there is to it.

— Richard P. Feynman, “Seeking New Laws”
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Chapter 1

Introduction

1.1 Gravity, General Relativity and Gravitational
Waves

The Nobel Prize in Physics in 1993 was awarded to Russell A. Hulse and Joseph H.
Taylor Jr. “for the discovery of a new type of pulsar, a discovery that has opened
up new possibilities for the study of gravitation. [3-5]”

Modern study of gravitation dates back to Galileo Galilei’s finding during the
16-17th century that all objects accelerate equally when falling. The Apollo 15
mission demonstrated the famous “hammer and feather” drop test on the Moon [6].

In 1687, Isaac Newton published Mathematical Principles of Natural Philoso-
phy (Philosophie Naturalis Principia Mathematica) in which the law of universal
gravitation was presented; we all know the mystic apple story of Isaac Newton. The
success of Newton’s law of universal gravitation may be highlighted by the discovery
of Neptune, the first and only planet found by mathematical investigation instead of
empirical observation. In 1846, calculations of Urbain Le Verrier led to the discov-
ery of Neptune by Johann Gottfried Galle [7]. Newton’s theory of gravity, however,
cannot fully account for the observed perihelion precession rate of Mercury. Albert
Einstein’s general theory of relativity, published in 1915, on the other hand, provides
an accurate correction to the Newtonian prediction.

In general relativity, space and time, which were considered absolute by Newton,
are combined into a single continuum called spacetime. In Newtonian theory the
presence of a mass particle creates a gravitational potential and matter-matter in-
teraction is described by gravitational force. In general relativity gravity is regarded
as curvature in spacetime caused by the presence of a mass particle, and instead of
direct matter-matter interaction, gravitation is mediated by spacetime (Figure 1.1),
as John Archibald Wheeler said: “Spacetime tells matter how to move; matter tells
spacetime how to curve [8].”

Newton’s formulation of gravity requires that mass particles respond instanta-
neously to other mass particles irrespective of their distances, which infers that the
speed of classical gravity is infinite and the motions of mass particles are correlated
in real-time [9]. In general relativity, the motion of a mass particle creates ripples
traveling in spacetime, that is, gravitational waves. Much as how special relativ-
ity extends the laws of motion to physical conditions with high velocities, general
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Matter (the large stone) tells spacetime how to curve;
spactlime tells matter (the pt‘])b]c} how to move.

(Drawing by John Wheeler.)

Figure 1.1: “Spacetime tells matter how to move; matter tells spacetime how to
curve.” From [§].

relativity extends the laws of gravity to those with strong gravitational fields.

In 1974, Hulse and Taylor discovered PSR B1913+16, a pulsar in a binary star
system. The orbital decay of PSR B1913+16 was found to match precisely the
loss of energy and angular momentum due to the emission of gravitational waves
predicted by general relativity (Figure 1.2) [10]. This is indirect but nevertheless
strong evidence on the presence of gravitational waves, and a solid confirmation on
the validity of general relativity in strong gravitational fields.

To date, in addition to the precise prediction of the perihelion precession rate
of Mercury and the gravitational orbital decay of the Hulse-Taylor binary pulsar,
Einstein’s theory of general relativity has provided accurate predictions for the other
two “classical tests” [12]: the deflection of light by the Sun, and gravitational redshift
— which is essential for the accuracy of the global positioning system (GPS) [13],
as well as other modern tests [14].

The direct detection of gravitational waves will not only add another support to
the theory of general relativity, but also open a new window to the better under-
standing of the Universe, as well as intriguing consequences in physics, astrophysics
and cosmology [15].

1.2 Gravitational Waves: Sources and Detectors
Global efforts are underway towards the direct detection of gravitational waves!.

The detection of gravitational waves requires knowledge and models on possible
sources and adapted detectors.

'For the viewpoint of Joseph H. Taylor Jr. on indirect vs. direct detections, see “An Interview
with Joseph Hooton Taylor, Jr.” in LIGO Magazine, Issue 7, September 2015. Online: http:
//www.ligo.org/magazine/LIGO-magazine-issue-7.pdf#page=22
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Figure 1.2: The orbital decay of PSR B1913+16 (a pulsar in a binary star system)
was found to match precisely the loss of energy and angular momentum due to the
emission of gravitational waves predicted by general relativity. From [11].



The passage of a gravitational wave induces a dimensionless strain amplitude,
h, proportional to AL/L where AL is the change in separation of two masses a
distance L apart [16]. Commonly considered sources of gravitational waves include
supernovae, orbiting or coalescing binaries, and fast rotating non-axisymmetric stars
[17]. Figure 1.3 shows the characteristic strain of commonly considered gravitational
wave sources versus frequency and the sensitivity curves of some detectors [18].

To detect gravitational waves, Joseph Weber developed the first resonant-bar
detectors in the 1960s [19]. If we think of acoustic waves, resonant-bars are like
tuning forks in that they respond to a narrow frequency range.

Broadband detection can be achieved by laser interferometric gravitational wave
detectors (GWDs) [20]. In the Michelson-Morley experiment [21], the Michelson
interferometer showed its usefulness in bounding the anisotropy, and thus proofing
the constancy, of the speed of light. Similarly, the Michelson interferometer can also
be deployed to measure the strain induced by the passage of gravitational waves,
and is the basis of laser interferometric gravitational wave detectors. On top of the
Michelson interferometer, modern advanced interferometric detectors have improved
their sensitivity with many novel techniques based on the use of Fabry—Perot cavities.

Other known gravitational wave probing techniques include pulsar timing arrays
[22] and polarization measurements of the cosmic microwave background [23].
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Figure 1.3: Characteristic strain of commonly considered gravitational wave sources
and the detection sensitivity of some of the related science projects. From [18].
IPTA: International Pulsar Timing Array, SKA: Square Kilometer Array, eLISA:
Evolved Laser Interferometer Space Antenna, aVIRGO: Advanced Virgo, ET: Ein-
stein Telescope. Plotted with http://rhcole.com/apps/GWplotter/.
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1.3 The Advanced Virgo Project

Virgo is a cavity-enhanced Michelson laser interferometer built for the detection of
gravitational waves (Figure 1.6) [24]. With its 3 km arms, Virgo reached a differential

strain sensitivity of the order of 10722 iz (Figure 1.4) [25], and correspondingly
a binary neutron star inspiral range of 12 Mpc [26]. In comparison, the closest cluster
of galaxies, Virgo, is 16.5 Mpc away [27].

In addition to the strain amplitude (which defines the minimum required sen-
sitivity), the event rate, or population, of potential gravitational wave sources is
equally important when it comes to the detection rate. Sources with large strain
amplitudes are easier to measure, but may as well be very infrequent for detec-
tion. Taking these factors into account, with the LIGO?-Virgo detector network,
the derived detection rate for binary neutron star coalescence was 0.02 yr~! [28].
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Figure 1.4: The evolution of the sensitivity of Virgo, 2003-2011. From [25].

Major upgrades of Virgo are underway for a better sensitivity and hence a higher
detection rate of gravitational wave signals, resulting in the so-called Advanced Virgo
(AdV) project. The differential strain sensitivity is expected to improve by tenfold,

reaching the order of 1072 +/ Tz [29]. With the Advanced LIGO-Virgo detector
network, the predicted detection rate for binary neutron star coalescence is 40 yr—1
[28].

2Laser Interferometer Gravitational-Wave Observatory, consists of two detectors similar to Virgo
located in the Washington and Louisiana States of America.
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1.4 Motivation, Objective and Organization of the
Thesis

The quantum nature of light results in one fundamental limit in interferometric
measurements, namely the shot noise. The coexistence of the shot noise and the ra-
diation pressure noise defines the standard quantum limit of precision interferometry
[30].

The shot noise limits the strain sensitivity of the interferometer at high frequen-
cies. In order to reach the design differential strain sensitivity, the laser system
in Advanced Virgo is foreseen to deliver 175 W single-frequency optical power in
TEMg transverse mode.

Unlike the laser systems for Advanced LIGO [31], KAGRA [32] and initial Virgo
[24] which are based on injection-locked laser oscillators and bulk solid-state laser
amplifiers, Advanced Virgo foresees a stabilized laser system based on the coherent
combination of master oscillator fiber power amplifiers.

Fiber laser amplifiers are an emerging technology that serves many interests
for high-power applications [33]. Owing to the waveguide structure and the high
surface-to-volume ratio, they offer good output beam quality even at high power
levels. This, together with their compactness, alignment-free nature and high energy
efficiency, make fiber laser amplifiers an appealing option for advanced gravitational
wave detectors.

High power is not the only requirement for the laser system in Advanced Virgo.



There are also considerations on power and frequency noise performances, as well
as beam pointing stability. It is therefore essential to gain knowledge and expe-
rience on fiber laser amplifiers from the viewpoint of interferometric gravitational
wave detectors. Moreover, the power-scaling of a single-unit fiber laser amplifier
may be challenging up to a certain limit. To overcome such limit, a straightfor-
ward workaround is the coherent combination of multiple fiber laser amplifiers. The
objective of this thesis work is therefore to study the feasibility of the fiber laser
amplifier technology and the coherent beam combination technique in the field of
gravitational wave detection.

In Chapter 2, a brief review on related technologies in the field as well as a
summary of the Advanced Virgo requirements are given. Chapter 3 is dedicated to
a general coverage of laser characterization techniques. Then, based on the defined
requirements and the developed characterization means, the test results of master
oscillator fiber power amplifiers are given in Chapter 4, and those of their coherent
combination in Chapter 5. Last, some conclusions and perspectives are given in
Chapter 6.

Figure 1.6: Virgo interferometer aerial view. From: Advanced Virgo — Listening
to the cosmic whisper <http://public.virgo-gw.eu>, in: Galleries, Instruments,
Observatory.
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Chapter 2

Pre-Stabilized Laser System for
Interferometric Gravitational
Wave Detectors

The passage of gravitational waves induces differential strain between the two arms
of a Michelson interferometer and results in the change of fringe state at the output
port. In principle, a perfectly symmetric Michelson interferometer with its output
port locked to the dark fringe of the lowest order is virtually insensitive to frequency
or phase departures of the light at its input port. The dark state of the interfer-
ence fringe is also insensitive to power fluctuations at the input port. Any fringe
deviation from the dark state could then be rendered as gravitational wave detec-
tion. This is the simplified picture of the detection principle of laser interferometers
seeking gravitational waves. In practice, more delicate signal readout techniques are
required to improve the responsivity to gravitational waves from quadratic to linear
[34], and interferometric gravitational wave detectors are often asymmetric, both by
design and due to imperfections by construction. The stability of the laser source is
accordingly important in terms of power noise, frequency noise and beam pointing
stability, as they couple to the readout of the gravitational wave strain signal.

It is then not surprising that advanced laser interferometric gravitational wave
detectors [29, 35, 36] require ultra-stable laser sources given the mere strain magni-
tude at the order of 10723 /Hz " of these latent waves (Figure 1.3).

Meanwhile, the quantum nature of light results in one fundamental limit in in-
terferometric measurements, namely the shot noise. The co-existence of the shot
noise and the radiation pressure noise defines the standard quantum limit of inter-
ferometric measurements [30, 37, 38].

Shot noise limits the strain sensitivity of the interferometer at high frequencies.
Although it has been shown that the injection of squeezed light can lead to an
increase as high as 3.7dB in detector sensitivity [39], increasing the optical power
in the interferometer is nevertheless an effective manner to overcome the limitations
coming from the shot noise.

Figure 2.1 is a simplified optical layout of the Advanced Virgo gravitational wave
detector, where the optical power inside the interferometer will be boosted by higher
laser power and higher power recycling [40, 41].
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When the output port of the Michelson interferometer is kept at a dark fringe,
by energy conservation, the optical power is reflected back to the input port, and
the interferometer acts like a mirror. By introducing the power-recycling mirror
(PRM), we build a power-recycling cavity in which the intra-cavity optical power is
significantly increased.

Like in all optical cavities, the higher the gain the finer the linewidth, which
infers reduced detection bandwidth. The power recycling technique has a trade-off
between optical power gain and the detection bandwidth.! Moreover, the power
recycling gain is bounded by losses in the power recycling cavity, as well as other
signal extraction considerations [44].

input
mode
Cleaner
—
CP
POP v IM EM
200W laser BS T
FULD W ,/ m H
LU Y |
PRM
SRM
OoMC
B1

Figure 2.1: Advanced Virgo Schematic Optical Layout. PRM: power recycling mir-
ror; POP: pickoff plate; BS: beam splitter; CP: compensation plate; IM: input
mirror; EM: end mirror; SRM: signal recycling mirror; OMC: output mode cleaner;
B1: photo-detection in transmission of the OMC. From [29].

In order to reach the design differential strain sensitivity, the laser source for Ad-
vanced Virgo is expected to deliver 175 W single-frequency optical power in TEM,
transverse mode. Studies on laser noise coupling to interferometer asymmetries
require that the relative power noise of the laser beam at the input of the interfer-

'For example, the Quantum noise curve in Figure 1.5 is shaped by radiation pressure noise at
low frequencies, while at higher frequencies, it is shaped by the shot noise (which is white) and
the transfer function of the Fabry—Perot arm cavities [42]. Likewise, the lump at intermediate
frequencies is due to the signal recycling cavity [43].
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ometer be as low as 2.35 x 107 \/Ei1 (at 30 Hz) and the frequency noise be as low
as 4.00 x 1077 Hzv/Hz * (at 55 Hz) [45].

This Chapter describes conceptually how an ultra-stable high-power single-frequency
laser system may be achieved with available techniques and technologies. More gen-
eral coverage related to this subject may be found in [46, 47].

2.1 Ultra Stable Laser Source: Non-Planar Ring
Oscillator

Since its first appearance in 1985, the monolithic non-planar ring oscillator (NPRO)
[48] has established its prominent role as an ultra-stable single-frequency laser source,
and a key element for interferometric GWDs (all operational laser interferometric

GWDs to date use the NPRO laser).
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Fig. 1. The MISER laser design. Polarization selection
takes place at the curved, partially transmitting face (point
A). Atpoints B, C, and D, total internal reflection occurs. A
magnetic field H is applied to establish unidirectional oscil-
lation. Magnetic rotation takes place along segments AB and
DA. The focused pump laser beam enters the crystal at point
A, and the output beam emerges at the same point.

Figure 2.2: The NPRO (originally known as MISER, monolithic isolated single-mode
end-pumped ring) laser. From [48].

Figures 2.3 and 2.4 show typical power and frequency noise performances of the
NPRO laser excerpted from [49], in which 8 commercially available NPRO lasers?
were thoroughly characterized.

More recent developments have led to other ultra-stable single-frequency laser
designs, notably the planar-waveguide external cavity diode laser (PW-ECL, Figure
2.5) [50] which has a noise performance comparable to the NPRO laser, but the
NPRO laser is still unmatched when both the attainable output power and good
noise performance are considered. The power noise (Figure 2.6) and frequency noise
(Figure 2.7) of some single-frequency laser sources can be found in [51].

2Innolight (now Coherent), Mephisto 2000 NE LIGO
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Figure 2.3: Typical power noise and frequency noise of the NPRO laser. From [49].
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Figure 2.5: Schematic of the PW-ECL. HR: high reflection coating; AR: anti reflec-
tion coating; PLC: silica-on-silicon planar lightwave circuit. From [50].
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Figure 2.6: Power noise of various single-frequency laser sources. From [51].
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Figure 2.7: Frequency noise of various single-frequency laser sources. From [51].
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Despite its exceptional stability, the NPRO still faces output power limits (up to
few watts) due to thermo-optical effects as strong thermal-lensing associated with
high pump power makes it difficult to maintain mode-selective pumping [52-54]. To
reach higher laser power while maintaining low-noise performance for gravitational
wave detection, further power-scaling is necessary.

2.2 Low-Noise High-Power Laser System

There are two major techniques in the power-scaling of a stable laser source: in-
jection locking and master oscillator power amplifier. This Section discusses the
respective advantages and disadvantages of these two techniques.

Injection-Locked Laser Oscillator

In high-power laser oscillators, it is often difficult, if not impossible, to achieve low-
noise single-frequency operation because of issues related to high intra-cavity power.
Injection locking [55, 56], is a technique known to synchronize, or lock, a slave laser
oscillator to a master laser oscillator.

In laser interferometric GWDs, slave laser oscillators with desired output power
and injection-locked to NPRO lasers have been used, for example, in Virgo, GEO
600 [57-59], Advanced LIGO [31] and KAGRA [60].

The required condition for injection locking is described by the Adler equation®

P,
P

Av < Ay, = Av, - (2.1)
where Av is the frequency difference between the master and the slave laser os-
cillators, and Avy, is the locking range defined by Av,, the linewidth of the slave
laser cavity, P,,, the power of the master laser, and P, the power of the slave laser
oscillator [57]. Assuming a slave laser oscillator with 1 MHz cavity linewidth, 20 W
output power, and seeded by a 500 mW master laser, the locking range is ~ 160 kHz.
Since common laboratory environmental fluctuations can easily exceed such range
and interrupt injection locking, active control electronics are necessary to maintain
the frequency difference between the master and the slave laser oscillators within the
locking range. There are many techniques for laser frequency stabilization, among
which some will be briefly discussed in Section 3.6.

Injection-locked laser oscillator has its advantage in better noise performance
due to the noise filtering properties of an optical cavity, but suffers from thermal
issues due to high intra-cavity power.

Master Oscillator Power Amplifier

Master oscillator power amplifier (MOPA) is another configuration for low-noise
laser power amplification in which a laser amplifier is used in the high-power stage

3“The Adler equation, with its various analytic solutions, comes from a classic paper by R.
Adler, A study of locking phenomena in oscillators, Proc. IRE 34, 351-357 (1946), reprinted in
Proc. IEEE 61, 1380 (October 1973) [56].”
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instead of a laser oscillator. Consequently, MOPA possesses neither the inherent
noise-filtering nor the power build-up properties associated with an optical cavity.
The former signifies noise considerations, while the latter facilitates thermal man-
agement.

Commercially available single-frequency MOPA offers output power up to 55 W+,
In Virgo, a laser amplifier with output power up to 656 W [61] was used during an
intermediate operation phase known as Virgo+ [62].

2.3 Single-Frequency Fiber Laser Amplifiers

On top of the MOPA architecture, fiber laser amplifiers serve many interests for
high-power applications [33]. Unlike their bulk solid-state counterparts that often
require special geometrical designs [63, 64] and/or cryostats [65] to maintain good
beam quality at high power levels, the intrinsically high surface-to-volume ratio
of optical fibers further facilitates thermal management, while their wave-guiding
property ensures good beam quality.

The active medium in fiber-optic laser amplifiers consists of silica glass doped
with rare earth elements. For high-power applications at around 1pm wavelength,
ytterbium (Yb) is generally considered for its high wavelength conversion efficiency
and its high permissible doping concentration. The former, together with the in-
vention of double-cladding fibers [66, 67|, and the advance of output power and
brightness of diode laser pump sources and combiners, enables highly efficient op-
eration and thus minimizes thermal impacts. The latter gives way to high gain
per unit length, minimizes fiber length and consequently avoids undesired nonlinear
effects.

With higher and higher demonstrated output power [54, 68-71], the master os-
cillator fiber power amplifier (MOFPA) architecture has become a viable, if not
attractive, option for interferometric GWDs. There are, however, certain challenges
that have to be handled with care to exploit the advantages of fiber laser amplifiers.

Stimulated Brillouin Scattering

The strong confinement of light in optical fibers leads to high optical intensity which
appeals many studies and applications based on nonlinear optics [72], while in some
applications such characteristics might just be undesirable.

Stimulated Brillouin scattering (SBS) [73, 74] is a nonlinear effect limiting the
optical power that can be injected into a single-mode fiber [75-78]. A widely used
approximate expression [74] for the SBS threshold of a fiber with length L is

Aery

Pthreshold ~21- (22)

9B - Leps’

where A.ss is the effective area, gp is the peak Brillouin gain for the dominant
acoustic mode, and Ly is the effective length of the fiber taking into account the

4Coherent, Mephisto MOPA, https://www.coherent.com/products/?2067/Mephisto-MOPA
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optical loss « of the fiber given by

1 — efozL

Leff = T ~ L for aL < 1. (23)

The peak Brillouin gain gp is almost independent of laser wavelength, and is in
the range of 3 x 107" m W~ to 5 x 107" m W~ for typical silica fibers [74]. With
a typical polarization-maintaining single-mode fiber for 1064 nm wavelength, the
mode field diameter (MFD) is merely 7.2 pm® and corresponds to a mode area of
4.07 x 107" m?. Since the fibers we use have rather short length (L < 20m) and
low loss (< 2.5dBkm™, i.e., a < 5.76 x 107*m™!), we approximate L.;; by L and
obtain the SBS threshold as

4.07 x 10~ m? _ITw
5x 10 mW L~ L(m)

This infers that in order to sustain optical power of the order of 100 W, the fiber
length must not exceed 0.17 m, which then loses largely the geometrical character
of an optical fiber. To overcome the power limitation imposed by SBS in the single-
frequency operation of fiber amplifiers, we have to reduce either the optical intensity
or the Brillouin gain.

Pthreshold ~ 21

(2.4)

Large Mode Area Fibers

To achieve a target optical power level, the optical intensity may be reduced by using
large mode area (LMA) fibers. A weakly guiding step-index fiber guides only the
fundamental linearly polarized mode LPy; when the normalized frequency parameter
V fulfills the following condition [79, 80]:
2 2

v=<a Ve = Wiataing = =~ NA < 2.405, (2.5)
where )\ is the wavelength, a is the radius of the fiber core, NA stands for numerical
aperture, ngre is the refractive index of the fiber core and n¢qading is the refractive
index of the fiber cladding [79]. The mode field radius w may be approximated by
Marcuse’s equation [81]:

w 1.619  2.879
E ~ 0.65 + W + W

At a given V', the mode field radius is approximately proportional to fiber core
radius. Accordingly, increased fiber core radius leads to larger mode area, and
requires that the refractive index difference between the core and the cladding be
reduced to ensure single-mode operation. This is one straightforward design for
LMA fibers. More sophisticated designs may consist of photonic crystal structures
[82].

At 1064 nm wavelength, commercially available passive fibers offer MFD up to
20.9 pm for single-mode operation® and up to 12.6 ym for polarization-maintaining
operation’, and ytterbium-doped photonic crystal fiber with MFD of ~ 43 pym has
been reported [83].

(2.6)

5Thorlabs, P3-1064PM-FC-X; Nufern, PM980-XP.
SNKT Photonics, LMA-25.
“NKT Photonics, LMA-PM-15
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Suppression of Brillouin Gain

In terms of fiber design, to reduce Brillouin gain, one common technique is to
broaden the Brillouin gain bandwidth with varying Brillouin frequency shifts along
the fiber. This can be done by:

e Varying the core dimensions: a reduction of 3.5dB in the effective Brillouin
gain was reported [84].

e Varying the dopant concentrations: a 7dB improvement in SBS threshold was
reported [85].

e Applying sinusoidal strain: a broadening of Brillouin gain from 50 MHz to
400 MHz was observed [86]. With a 40-step stair-ramp tensile-strain distribu-
tion, an 8dB increase in SBS threshold was reported [87]. More recently, by
applying longitudinally varying strains according to the signal power evolution
and the temperature distribution, a 7 times increase of the SBS threshold was
achieved [88].

e Applying temperature gradient, an increase of 3 to 4 times in SBS threshold
was obtained with a ~ 150 °C temperature gradient [89, 90].

It is also known that the counter-propagation pumping configuration creates
larger intrinsic thermal gradient and thus helps mitigate SBS [71, 91]. Counter-
propagation is also more gain efficient and therefore requires shorter active fiber
length. However, counter-propagation pumping also tends to increase the level of
amplified stimulated emission (ASE) in the direction of the signal beam [92].

Another option lies in the fiber design where the overlapping between the optical
mode and the acoustic mode is minimized [93]. For example, by adjusting the
relative doping level between the co-dopants in the fiber core, 6 dB higher SBS
threshold was observed [94].

The Brillouin gain may also be suppressed by broadening the linewidth of the in-
put beam. This technique, however, is not suitable when narrow linewidth is desired
at the output of the fiber amplifier. A feasible amendment to this technique to re-
cover the narrow linewidth, is to use sideband modulation/demodulation techniques.
A 50 % increase in SBS threshold has been demonstrated [95]. The inconvenience
with this technique is that it requires high-power electro-optic modulators.

Power Scaling of Single-Frequency Fiber Amplifiers

The first single-frequency MOFPA, seeded with an NPRO laser, delivering 5.5 W
output power with M? value of ~ 1.1, was reported in 1999 [68]. A 30m double-
clad neodymium-doped fiber supporting 4 to 5 higher-order modes was used in this
demonstration. The MFD was ~ 8.5 nm and the maximum output power was limited
by the onset of SBS. The preservation of the narrow linewidth of the NPRO laser
by the fiber amplifier was demonstrated later in 2001 [69], and in 2003 a 100 W
MOFPA with 1.1 M? value was reported [54], reaching the power level required for
advanced laser interferometric GWDs.
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To date, single-frequency MOFPAs delivering several hundreds of watts of output
power have been reported by various groups [70, 71, 88, 96], and a physical limit of
2kW is suggested taking into account the effects of SBS, thermal lensing and pump
power, given arbitrary choices of MFD [97].

Transverse Mode Instability

One minor inconvenience of LMA fibers is that they are more prone to bending losses
and therefore do not inherit the full flexibility of fibers, while the more difficult issue
limiting the use of LMA fibers is the potential transverse mode instability at high
power levels which significantly degrades beam quality and may lead to temporal
fluctuations of the profile of the output beam [98].

Transverse mode instability is considered as the reason for the recent stagnation
of the output power of fiber amplifiers [99]. The study of its origin, and eventually its
mitigation, has attracted much attention in the community [98-102]. A commonly
accepted origin of this phenomenon is the thermally induced change in the refractive
index profile of the fiber [99, 102]. An intrinsic heat source is the quantum defect,
while other heat sources may also play a role, among which photo-darkening has
been strongly suggested in a recent experiment [99].

Photo-Darkening

Interferometric GWDs require laser sources that are not only high-power and low-
noise, but also stable in the long run to ensure uninterrupted operation and maximize
detection rate. Previous Virgo Science Runs lasted 3 to 5 months each.

Beside the aging of pumping laser diodes and the degradation of optics, which
are the common factors determining the lifetime of laser systems, fiber amplifiers
suffer an additional aging process known as photo-darkening. Photo-darkening is the
photo-induced temporal increase in the transmission loss of the doped glass [103—
105]. The increase in transmission loss is broadband, with higher rates at shorter
wavelengths [104, 106].

The physical origin of photo-darkening is still under discussion but often at-
tributed to the formation of color centers. The initial rate of photo-darkening has
been shown to scale with the excited-state Yb population, and consequently depends
strongly on the configuration of the fiber amplifier [107].

Amplified Stimulated Emission

Laser gain medium has finite lifetime in the excited state before it decays via sponta-
neous emission or non-radiative process. In a laser amplifier, spontaneously emitted
photons are equally amplified as the signal photons, resulting in amplified sponta-
neous emission (ASE).

In principle, ASE is omni-directional and often negligible compared to the signal
beam. In a fiber amplifier, however, owing to the waveguide structure, directional
ASE can be an issue. The most direct impact is the increase in noise.

Moreover, Yb-doped fiber amplifiers are quasi-three-level laser systems, in which
the lower laser energy level is not fully depleted in thermal equilibrium. Accordingly,
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at a given gain, Yb-doped fiber amplifiers require high pumping to compensate for
re-absorption and are often subject to ASE.

Pump Brightness and Signal/Pump Beam Combiner

As discussed in [33, 97|, the brightness of the pumping laser diodes plays an im-
portant role in the increase of output power of fiber amplifiers. Tandem-pumping
is often required, and may be realized with a fiber coupler such as a tapered fused
fiber bundle [108] in an all-fiber setup. Fiber couplers have finite efficiency, and
loss-induced heating can lead to destructive consequences. Associated with high
power, the combiner for the signal beam and pumping beams also plays a key role
in fiber amplifiers, especially when the counter-propagation pumping configuration
is taken where the core of the tapered fused fiber bundle has to handle high power
[71].

2.4 Coherent Beam Combination

As discussed in the previous section, the power-scaling of single-frequency fiber
amplifiers has stagnated at the level of few hundreds of Watts, with an estimated
physical limit of ~ 2kW [97].

Further power-scaling can be done by extending the line of thought to the system
level by combining multiple high-power fiber amplifiers. There have been numerous
schemes proposed for laser beam combining [109], notably those focused on Yb-
doped fiber amplifiers [110]. The single-frequency and single-mode requirements
imposed by laser interferometric systems are concurrently favorable for coherent
beam combination (CBC). For example, a recent report on the CBC of two 10 W
single-frequency fiber amplifiers showed > 95% combining efficiency with 97 % of
the combined beam in TEMyy mode, and observed no significant increase in noise
due to CBC [111].

2.5 Laser Stabilization

To reach the required low noise level, laser stabilization techniques in terms of power
[112] and frequency [113] are crucial in interferometric GWDs.

Power Stabilization

As discussed in the beginning of this chapter, Advanced Virgo requires that the
relative power noise of the laser beam at the input of the interferometer be of the
order of 107 \/E’l in the gravitational wave detection band between 10 Hz and
10 kHz, reaching 2.35 x 109 v/Hz  at 30 Hz.

Although in optics, or radiometry, strictly speaking, power and intensity are not
equivalent, conventionally the term relative intensity noise, abbreviated as RIN and
expressed in amplitude power spectral density (PSD), is used to describe the relative
power noise of a laser system.
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The main challenge in laser power stabilization to the order of 107 \/E’l lies
in the measurement floor of photo-detection, or RIN detection. The classical limit is
defined by three noise processes, thermal (Johnson) noise, shot noise and technical
(flicker) noise. The first two are white noises, while the latter is often pink, whose
power spectral density is inversely proportional to the Fourier frequency. Shot noise
often appears to be the dominating limit after carefully handling the others, resulting
in the so-called shot noise limit (SNL) RIN level, which, in terms of PSD, is:

o 2-¢€
RINgy;, = TI =\ VAf (2.7)
in which

or=+/2-e-I-Af (2.8)

is the shot noise current associated with an average current I, the elementary charge
e ~ 1.602 x 10719 C and the frequency bandwidth Af. In general, RIN measure-

-1
ments are normalized with respect to 1 Hz bandwidth and bear the unit vHz .

To reach RIN level of 2.35 x 107 \/E_l, a photo-current of ~ 58 mA is needed.
Very few commercially available photodiodes meet this requirement, and accordingly
non-standard and optimized operating conditions, such as increased bias (to extend
linearity range and to reduce capacitance), large beam/photodiode diameter and
efficient heat sink, may be required.

There exists a non-classical RIN detection technique called optical AC coupling
which surpasses the SNL [114]. Optical AC coupling exploits the spectral selectivity
of Fabry—Perot cavities: the DC content is transmitted while the AC content is
reflected. However, this technique is not only complicated and hardware costly, but
also limited by the finite spectral resolution of optical cavities. Optical AC coupling
can only be applied to RIN detection for Fourier frequencies higher than the spectral
resolution of the optical cavity.

A more convenient alternative is to use photodiode arrays, as is foreseen for both
Advanced LIGO [115] and Advanced Virgo [116].

Another important consideration of RIN detection lies in the coupling between
the spatially inhomogeneous responsivity and/or the finite surface area of photo-
diodes, and the finite pointing stability of the laser beam. Last, apart from RIN
detection, the actuator for RIN suppression should not be overlooked. These two
aspects will be discussed with more details in Sections 3.3 and 4.7, respectively.

Frequency Stabilization

Laser frequency stabilization serves many interests in a broad range of applications.
The general idea is to stabilize, or lock, the laser frequency, usually via an external
electro-optic modulator owing to the need for fast actuation, with respect to an
ultra-stable optical cavity.

The most commonly used technique in this subject is the Pound-Drever-Hall
(PDH) locking [113, 117] scheme which uses modulation sidebands.

In Advanced Virgo, the laser frequency will be pre-stabilized with respect to the
input mode-cleaner (IMC), followed by a second-stage frequency stabilization loop
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that directly takes reference from the ~ 3 km long arm cavity in the Michelson inter-
ferometer and acts simultaneously on the IMC cavity length and the laser frequency
[118, 119]. The Michelson interferometer will then be locked to the Reference Cavity
[120] in the low frequency range to avoid unbounded drifts, as illustrated in Figure
2.15.

2.6 Optical Cavity as Mode Cleaner

In addition to active stabilization, optical cavities were also found useful as the so-
called mode cleaners for their selectivity in terms of both longitudinal and transverse
modes [121, 122]. Optical cavities can be approximated as first-order low-pass filters
with amplitude transfer function

1

14 s/we| (2.9)

o)l =

where w, = 27 f. denotes the angular cutoff frequency of the optical cavity, and
s = iw is the complex frequency in the Laplace s-domain of the signal beam. The
cutoff frequency f. is half the spectral resolution® of an optical cavity. This means
that noises whose frequencies lie outside the spectral resolution of an optical cavity
will be attenuated.

The exact transmission 7" vs. frequency departure of an ideal Fabry—Perot cavity
may be derived as [124]:

T(Av) = {1 + e sin® (7r : Qﬂ_é, (2.10)

2 Vo

where Av is the frequency departure from optical cavity resonance, v is the the free
spectral range (FSR), and F is the finesse of the optical cavity.

A ring cavity design is favored to avoid optical feedback and hence the need
for optical isolation. In an optical cavity, in general the TEM,,,* modes with the
same order m+n are degenerate, meaning that they have the same cavity resonance
frequency. The ring geometry breaks the axial symmetry of the circulating beam,
and if the number of the reflections in the cavity is odd, non-degeneracies will be
observed between transverse modes that are symmetric with respect to the normal
vector, of the plane of, and which intersects the axis of, the circulating beam, and
those which are not. This may be explained by the geometrical mirroring of the
electric field upon mirror reflection. For each reflection a phase difference of =
occurs between these two sets of transverse modes defined by symmetry.

8Throughout the context of the thesis the terms spectral resolution and cavity linewidth are
used interchangeably and arbitrarily to refer to the full-width at half~-mazimum (FWHM), the half-
intensity width, or half-width [123] of the interference fringes in a Fabry—Perot cavity. We note
that in contrary to the width definition of a Gaussian beam, which is at 1/e? intensity, the cavity
spectral resolution or linewidth is defined at the half maximum, or the 3dB width, which complies
with the conventions in electronics, as illustrated in Figure 2.9.

9Unless otherwise mentioned, throughout the text of the thesis TEM,, refers to Hermite—
Gaussian transverse modes.
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In the case of a triangular cavity with a horizontal beam propagation plane, the
frequency departure of higher-order TEM,,, modes from the fundamental TEMg,
mode can be generalized as [124]:

140 1-— (_1)m

_h -1 e S
AUy = . (m+n)cos™ (1/g) + 5 5 : (2.11)

where g accounts for the geometry of the triangular cavity. In the case of the Virgo
PMC for which the cavity round-trip length is 2L, input/output mirrors are flat and
the end mirror has a radius of curvature (RoC) of R, the corresponding g is:
L
g=1 = (2.12)

When the optical cavity is locked to resonant with the fundamental TEMy, mode,
the higher-order transverse modes whose electric field amplitudes (Figure 2.8) are
asymmetric in the above-mentioned manner (i.e., whose m is odd) will experience
an additional phase of 7, and therefore an additional frequency departure of one-half
the free spectral range (Figure 2.9). Another way of thinking is that these modes
will have to circulate another cavity round-trip to make up the 27 modulus, thus
halving their free spectral range.

Taking into account the stability criterion (0 < g < 1) of an optical cavity, a
triangular cavity provides the additional degree of freedom on introducing a large
frequency departure, and hence large attenuation, to the first higher-order modes,
either TEMg; or TEM;, without exotic optical cavity configurations.

Figure 2.9 shows the cavity transmission vs. frequency, first-order filter ap-
proximation, and the frequency departures of higher-order modes with a triangular
cavity.

2.7 Pre-Stabilized Laser for Advanced Virgo: Spec-
ifications and a Conceptual Design

In Advanced Virgo, the high-power laser beam passes through the injection sub-
system, where the laser beam is modulated, isolated, steered and analyzed, before
being sent to the interferometer. Figure 2.10 is a schematic diagram of the injection
subsystem in Advanced Virgo [125]. Requirements related to the pre-stabilized laser
system are therefore discussed at two levels, at the output of the pre-stabilized laser
system, and at the input of the interferometer.

In addition to the noise requirements coming from the asymmetry in the Michel-
son interferometer [45, 127], for sensing, control and readout purposes, a few mod-
ulation sidebands at radio frequencies are introduced in the injection subsystem, as
shown in Figure 2.11. The noise requirements of these sidebands [45, 128] are also
to be respected by the pre-stabilized laser system.

Advanced Virgo Input Mode Cleaner

The Advanced Virgo Input Mode Cleaner (IMC) has a mode waist radius of 5.17 mm,
a finesse of 1200 and a half round trip length of 143.424m [125]. Accordingly,
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Figure 2.8: The electric field amplitudes of TEM modes. False color: red and blue
are the maxima with opposite signs, and light green is the zero.

the IMC has a free-spectral range (FSR) of ~ 1.045MHz, a spectral resolution of
~ 871 Hz and hence a low-pass filtering pole at ~ 436 Hz.

Laser Specifications at Interferometer Input
At the input of the Advanced Virgo interferometer, the laser specifications are given

as following.

e Optical Power: > 125 W in TEMy, [26].

e Power Noise:
- < 235x107° \/Hz_1 at 30 Hz; see Figure 2.12 for 10Hz to 6kHz [45,
127].
— <8x 107z ' at 6.27 MHz [128].

— <15x10%VHz " at 56.44 MHz [128].

— The requirements from [45] at 6.27 MHz, 8.36 MHz and 56.44 MHz are rel-
atively less stringent and therefore omitted, as well as those for 22.38 MHz

and 131.69 MHz [125].

e Frequency Noise:

23



1 0 | T I T I | I T

Optical Cavity Transmission
= = = First-Order Filter
B (Ar, T) of TEM Mode [mn]; Cavity Locked to TEMy
107"
E
RG /
= 1
E .
< 20] |3 3]
2 107 %21} K2 13 (32]
|29] 1 [12]:: 0
\ [10[—|11] 30] (31 /
—!‘/
e - . 4.""._-;'
107
0 0.1 02 03 04 05 06 07 08 09 1
Av/FSR

Figure 2.9: Cavity transmission vs. frequency, first-order low-pass filter approxima-
tion, and the frequency departures of higher-order modes with a triangular cavity
consisted of two flat mirror plates and one curved R-max mirror. FSR: Free spectral
range. Cavity round-trip length: 0.28 m, mirror radius of curvature: 4.2 m; finesse:
500. (Parameters of the actual pre mode cleaner of Virgo.)
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Figure 2.10: The Advanced Virgo injection (INJ) subsystem. PSL: pre-stabilized
laser subsystem; ITF: Michelson interferometer; EOM: electro-optic modulator; RF:
radio frequency; IMC: input mode cleaner; IPC: input power control; RFC: reference
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Figure 2.11: Advanced Virgo modulation sidebands overview. BS: beam-splitter;
PRC: power-recycling cavity; DET: Advanced Virgo detection subsystem. From
[126]. Note that the frequencies f1, 2, 3, f4 are set to be resonant with the IMC,
and are therefore integer multiples of the FSR of the IMC.

— < 4.00 x 107" Hz \/Hzi1 at 55 Hz; see Figure 2.13 for 10 Hz to 6 kHz [45,
127].
— < 1Hz rms [125].

— The requirements from [45] at 6.27 MHz, 8.36 MHz and 56.44 MHz are rel-
atively less stringent and therefore omitted, as well as those for 22.38 MHz
and 131.69 MHz [125].

e Beam Pointing Stability: < 10-2rad vz (f > 10Hz) [125].

Laser Specifications at PSL/INJ Interface

There are also specifications given at the interface between the pre-stabilized laser
subsystem and the injection subsystem.

e Optical Power: > 175 W in TEMyq [125].

e Beam Pointing Stability: See Figure 2.14 for 10Hz to 10kHz [129]. The
specifications shown here are defined with respect to the parameters of the
Pre Mode Cleaner (PMC), which has a mode waist radius wy of 500 pm and
correspondingly a half divergence angle 6 of 677 prad. It should be noted that
due to the interchangeability of angular and lateral beam pointing stability
(cf. Section 3.8), the 4 specifications curves may be reduced to 2 via quadratic
sum, as is shown in Figure 2.19.
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Figure 2.12: Advanced Virgo reference specifications on the power noise in the
gravitational wave detection band [45, 127]. dP: loss difference between the two
arms of the interferometer (assuming 75 ppm average loss); dF: Finesse difference
between the two arms of the interferometer (assuming 450 average Finesse, F).

A Conceptual Design of the Advanced Virgo PSL subsystem

Taking into account the various considerations, Figure 2.15 shows a conceptual
reference design of the PSL subsystem for Advanced Virgo and its relation with the
interferometer. In this reference design, two fiber amplifiers seeded by the NPRO
laser are coherently combined using the phase-dithering technique with the EOM 2,
and filtered by the PMC before being sent to the injection subsystem (Figure 2.10).
For laser power stabilization, a high-power photodiode array [116] after the IMC
is used for feedback control. In terms of laser frequency stabilization, the EOM 1
following the NPRO ensures fast actuation. Sequentially [118,; 119],

e The PMC is locked with respect to the NPRO laser.
e Then, the NPRO laser is locked onto the IMC.

e Finally, the IMC and the NPRO laser are simultanecously locked onto the
Michelson interferometer, which is the best frequency reference available, since
noise motions at the end mirror level are absolute and factored out by the long
baseline such that the resulting relative noise is minimized.

e To avoid unbounded slow drifts, which may complicate the lock acquisition
and/or exceed the actuation range of the output mode cleaner (OMC, Figure
2.1) as well as other actuators, the interferometer is servoed to the RFC [120]
with a very low bandwidth.
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Figure 2.13: Advanced Virgo reference specifications on the frequency noise in the
gravitational wave detection band [45, 127]. dP: loss difference between the two
arms of the interferometer (assuming 75 ppm average loss); dF: Finesse difference
between the two arms of the interferometer (assuming 450 average Finesse, F).
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Figure 2.14: Advanced Virgo reference specifications on beam pointing stability in
the gravitational wave detection band at PSL output [129].
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Figure 2.15: A conceptual design of the Advanced Virgo PSL subsystem [129].

Advanced Virgo Pre Mode Cleaner

Advanced Virgo foresees to re-use the design of the Virgo PMC, a triangular cavity
with design parameters shown in Figure 2.16. Figure 2.9 is plotted according to
these parameters.

The Virgo PMC has been tested up to 656 W [130]. Although further studies
are required to verify the compatibility with higher power, the noise attenuation
performances of the Virgo PMC, placed horizontally, are taken for reference [129]:

e TEM;, transmission: 0.0032 [129].
e TEMy; transmission: 0.017 [129].
e Noise transmission (Equation 2.10 with F'SR = 1.07 GHz):

— 0.168 at 6.27 MHz.
— 0.0191 at 56.44 MHz.

Mode Mode Finesse | Length | End mirror | Triangular | Pole
waist divergence curvature cavity Pole
500 pm | 675 prad | 500 |0.14m [ 42m | | 1.07 MHz

Figure 2.16: Virgo PMC design parameters. From [129]. We note that the free
spectral range (FSR) is 1.07 GHz.

28



Advanced Virgo Laser Stabilization

The reference open-loop transfer function (OLTF) (cf. Section 3.12) of the laser
power stabilization loop [131] is shown as curve (© in Figure 2.17, and that of the
laser frequency stabilization loop [118, 119] is shown as curve (®) in Figure 2.18. The
PMC and the IMC also contribute to noise attenuation.

Free-Running Laser Specifications of Advanced Virgo

Finally, with the conceptual reference design shown in Figure 2.15, taking into ac-
count the performance of the laser stabilization loops and the mode cleaners, we
define the free-running laser specifications for Advanced Virgo.

Defining the specifications of the laser system while free-running, i.e., without
active stabilization nor passive noise filtering of optical cavities, is essential because
we are not always able to perform full-scale experiments with the whole Michelson
interferometer setup of the gravitational wave detector.

Readily, by comparing these free-running laser specifications to Figures 2.3, 2.4,
2.6 and 2.7, it is clear why the NPRO laser has always been used to light up the
interferometric GWDs. Also, following the advance of related technologies, the
migration to fiber oriented laser sources has appeared to be an option.

e Optical Power: ~ 200 W, considering the loss of the PMC.

e Power Noise: See Figure 2.17. We note that at high frequencies, a curve
is drawn with respect to the specifications at 6.27 MHz for reference. The

~1
specifications are in power spectral density (PSD) with the unit vHz .

e Frequency Noise: See Figure 2.18. The specifications are in power spectral

density (PSD) with the unit Hz v/ Tz

e Beam Pointing Stability: See Figure 2.19. We note that the specifications
here are simply the curves shown in Figure 2.14 multiplied by the attenuation
factor of the PMC. The quadratic sum of the curves in the horizontal and the
vertical planes are shown for reference following the invariance discussed in
Section 3.8.
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Figure 2.17: Free-running laser power noise specifications for Advanced Virgo. The
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specifications are in power spectral density (PSD) with the unit vHz .
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Chapter 3

Laser Characterization

The specifications of a design are not complete without well-defined means for char-
acterization. This section discusses how important characteristics of a laser system
may be measured.

I will first present our means for absolute optical power measurement, the cali-
brated calorimeters. This is the most important DC-type measurement in this thesis
work.

Then, before going toward AC-type measurements, I will first define the fre-
quency band of interest given the requirements of Advanced Virgo. Subsequently, I
will talk about how care should be taken in laser power noise measurements by tak-
ing into account the effects of finite aperture and inhomogeneity of the photodiodes.
Some results on the study of photodiode inhomogeneity are presented.

In terms of laser frequency /phase noise, I will present the measurements based on
Mach—Zehnder interferometry with various locking schemes. In terms of laser beam
pointing stability, quadrant photodiodes are used and the formulae are given, fol-
lowed by a discussion on the invariance of Gaussian beam pointing stability through
an optical system. The laser beam profile is assessed with the use of single-mode
fibers; I will present the comparison on the fundamental transverse modes in free-
space and in fiber.

Last, some discussions are given on the acquisition of electric signals and the
measurement of open-loop transfer function (OLTF).

3.1 Optical Power Measurement

Two types of photo-detectors [132] are used in the thesis work, calorimeters and
photodiodes. They both give information on the optical power of an impinging laser
beam.

Calibrated calorimeters! are used to give absolute values on optical power, and
photodiodes are used to accurately measure relative fluctuations. Calorimeters with

INIST-traceable, +2.5 % uncertainty (95 % level of confidence)
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power ratings up to 2W?2, 3W3, 30 W* and 300 W® are used in the experiments.
The 30 W and 300 W calorimeters were re-calibrated during the course of the study
(Appendix I). The 2W and 3 W calorimeters show consistent readings to within 4 %.

In our optical power monitoring experiments, fused-silica plates are generally
used as beam samplers where the sampled beam is injected to a photodiode, while
the calorimeters are used both as a beam dump and as an optical power meter.
It should be noted that, depending on how the calibration of the beam-sampling
setup is made, the uncertainty can be up to ~ 3%, in addition to the calibration
uncertainty of the calorimeters. Correspondingly, unless otherwise mentioned, the
worst-case estimate on the uncertainty of our optical power measurements is ~ 5.6 %,
while care is generally taken to reduce the uncertainty to that of the calibration of
the calorimeters, which is ~ 2.5 %.

3.2 Advanced Virgo Frequency Band of Interest

The gravitational wave detection band of terrestrial laser interferometric GWDs is
generally between ~ 10Hz and ~ 10kHz (Figure 1.3). Additionally, in Advanced
Virgo, five modulation frequencies will be implemented: three for the control of the
interferometer (~ 6 MHz, ~ 8 MHz and ~ 56 MHz), one for the lock acquisition of
the interferometer (~ 131 MHz), and one for the control of the input mode cleaner
(~ 22 MHz) [133].

Accordingly, the laser system has to be characterized in the frequency bands
from 10 Hz to 10 kHz, and from ~ 1 MHz to ~ 100 MHz, in terms of the quantities
discussed in Section 2.7.

3.3 Laser Power Noise Measurement

As briefly mentioned in Section 2.5, laser power noise is described by its relative
intensity noise (RIN) [134], generally defined as P(f)/Fy in terms of power spectral
density (PSD), where P, denotes the average DC power and P(f) denotes power
fluctuation at frequency f:
Pi)
PO '
Indium-gallium-arsenide (InGaAs) photodiodes are used for their good respon-
sivity at 1064nm. A photodiode converts the optical power of an impinging beam
into photo-current with a responsivity in unit A W~!. The responsivity S of a
photodiode is given by:

RIN(f) = (3.1)

e

where 7, e, h, ¢, and A denote quantum efficiency, elementary charge, Planck con-
stant, speed of light, and wavelength, respectively.

2Melles-Griot, Model 13 PEM 001/J

3Gentec-EO, Model XLP-12-3S-H2. Date of Calibration: Feb. 16, 2012
4Gentec-EO, Model PS330-WB. Date of Calibration: Nov. 25, 2014
5Gentec-EO, Model UP55N-300F-H9-D0, Date of Calibration: Nov. 18, 2014.
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The photo-current is then converted into voltage reading by using low-noise tran-
simpedance amplifiers (TTA) with frequency dependent transimpedances (expressed
in Q) to improve RIN detection sensitivity. The frequency dependent gain Grra(f)
may then be defined as

_ Ruc(f)

Gria(f) = Roe (3.3)

where Ruc(f) is the AC transimpedance at frequency f and Rp¢ is the DC tran-
impedance.

The voltage reading V(f) can then be written as

V(f) = Grialf) - Rpc-S - P(f) (3.4)

such that

riv PO 1 v0)

Py Gria(f) Voo (3:5)

Clearly, to achieve better RIN detection sensitivity, a high DC voltage reading
(i.e., a large photo-current, or a high DC transimpedance) and a large TIA gain are
favored while the measurement noise of V'(f), often determined by the input noise
of amplifier circuits, should be kept low. This equation also illustrates the common
gain-bandwidth product limit, as a high DC transimpedance impairs bandwidth.

To reach RIN detection sensitivity of the order of 107° \/H_z_l, the choice of
the diameter of photodiodes is often a trade-off between capacitance and saturation
threshold. Capacitance limits speed, while saturation threshold limits RIN sensitiv-
ity. Photodiodes with larger active area have higher capacitance which results in
RC filtering when combined with the load resistance, while photodiodes with smaller
active area have lower saturation threshold, provide lower photo-current, and con-
sequently are prone to the detection limit coming from the shot noise (Equation

2.7).

Also, the finite pointing stability of a laser beam has to be considered when it
comes to RIN detection as it may result in spurious results due to its coupling with
the finite size of the photodiode and/or the spatially inhomogeneous responsivity of
the photodiode.

For convenience, a coupling factor, &, in unit m~!, is introduced for quantitative
discussion of these effects:

PA(f)
Py

ORIN,A = = kK- Aphotodiode(f)a (36)

where orry A is the induced error in RIN measurement and P is the fluctuation in
the power read, or seen, by the photodiode accompanied with beam displacement

A photodiode
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3.4 Beam Clipping Effect in Laser Power Noise
Measurement

The optical power Py of a Gaussian beam with peak intensity I, and beam radius
w can be derived by the double integral

o) o) -9 2 2
Py = [0/ / exp {M] dx dy
—o0 J —00 w
2m 00 ) 2
:IO/ / exp[ ;ﬂ } rdrdf
o Jo w
—w?

_9p2\ |77
ex
4 P w? —0

~ Iy g LW (3.7)

Since the integrals over the x- and y- axes are equivalent and may be separated, we
rewrite the double integral into

PO:IO~\/§~w-/ e:vp(

where the integral over the y-axis is evaluated to yield a constant. We then calculate
the integral over the x-axis with a finite aperture to demonstrate the beam clipping
effect in laser power noise measurement. It should be noted that the analytical
derivation below assumes infinite aperture along the y-axis. Given the radius r and
the center 2’ of the photodiode and let

—2x2
w2

) dz, (3.8)

-z, (3.9)

from Equation 3.8 we have

7 altr —222
P(x',r) :IO'\/;.M./I'T e$p< — ) dx

W

2 2
erf(\/—_(:zc’—i-?")) —erf(\/?_(x’ —7’))] : (3.10)
where erf is the Gauss error function® (Figure 3.1)

2 [T .,
erf(x):ﬁ/o e " dt (3.11)

6See, e.g., http://mathworld.wolfram.com/Erf.html
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that can be readily computed with software packages like MATLAB'. The & factor
associated with the beam clipping effect is then the spatial derivative of P(z’,7) in
the x-direction divided by P(z’,7):

0,
P(x',r) 8_33P(x ) (3:12)

Ry =

which can be easily computed with the property by definition:

%erf(z) = %6_22~ (3.13)

The resulting equation for k, is then:

_ L 2B e ]
Hx—P(x’,r) \/; - {e e (3.14)

To account for photodiode geometry and spatial inhomogeneities, numerical calcu-
lations may also be implemented to derive the x factor (Appendix E), while calcula-
tions based on the above equations are shown in Figure 3.2, and in Figure 3.3 where
a beam radius of 0.5 mm is assumed on the photodiode.

To get some numbers on how the clipping effect may affect laser power noise
measurements, by taking the combined beam pointing stability specifications shown
in Figure 2.19 and assuming only lateral movements with a beam waist located at
the photodiode with 500 pm radius, which is that of the PMC, we arrive at Figure
3.4, which gives realistic values for reference, among which we take arbitrarily the
free-running specs in the vertical plane for discussion. If the photodiode has a
diameter 2r of 1mm and a centering error z’ of 10 um, the resulting |x| of about
40m~! according to Figure 3.3. Combining these two observations we see that the
measurement floor for RIN detection can only be as low as ~ 1.6 x 1076 \/Ei1 (at
~ 400 Hz).

3.5 Spatial Inhomogeneity in Photodiode Respon-
sivity

In addition to finite active area, the spatial inhomogeneity in photodiode responsiv-
ity also introduces errors in RIN measurement. A scanning setup driven by stepper
motors was developed to systematically assess the spatial inhomogeneity in photo-
diode responsivity.

The design goal is to measure x down to about 1m™!, which may be suggested
from the power noise specifications shown in Figure 2.12 and the projected lateral
beam pointing stability specifications shown in Figure 3.4. Figure 3.5 is a schematic
drawing of the measurement setup, and Figure 3.6 is a photo of the optical setup.
The light source is a 100mW 1064 nm wavelength continuous-wave NPRO laser®.

"Definition of the error function in MATLAB: erf(x) = 2/sqrt(pi) * integral from 0 to x of
exp(-t"2) dt
8Lightwave, now LUMENTUM
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erf (x)
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Figure 3.1: The error function erf.
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Figure 3.2: Photodiode clipping effect: the x factor with respect to misalignment x’
and photodiode radius r, all normalized with respect to the radius w of the impinging
beam.
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Linear polarization is ensured by two dielectric polarizers at Brewster angle each
with 20dB polarization extinction ratio (PER). Two uncoated fused-silica plates
are inserted, and their angles of incidence tuned, to direct about 5% (5 mW) of the
incident beam to the monitor and the sample photodiodes.

WO=100um €= === = = = = = >€- === == > [ wo=75um |
T . Sample Photodiode

- \\ l (+ Compensation Filter) ||

A A
'=0.1m O I | .
X-axis | | y-axis
v I '
Monitor Photodiode Stepper Motor
V1 pc V2 pc T
* ADC Card

R -Ratio = ~2 I
- a’clo_‘T1 \ LabVIEW, PC

Figure 3.5: Schematic diagram of the photodiode responsivity mapping setup. We
note that the beam radius on the sample photodiode was subsequently reduced from
751m to 35 pm.

The beam radius is 100 pm at the surface of the monitor photodiode, and 35 pm at
that of the sample photodiode. Both photodiodes are 3mm in diameter. Following
Equation 3.14, the k induced by the beam clipping effect is shown in Figure 3.7,
giving the maximum measurement range with a target s resolution. For the 3mm
diameter photodiodes we are interested in, with 35 pm beam radius, the available
range for K < 1m™! is up to ~ 1.4 mm.

We check also the linearity of the photodiodes for a beam radius down to 50 pm.
The sample photodiode is mounted on a motorized stage with z— and y— transla-
tional displacements, where zy is the surface plane of the photodiode. Displacements
are propelled by two stepper motors? with 5pm absolute precision and 12mm ac-
tuation range, and controlled by a computer with a customized LabVIEW Virtual
Instrument (VI).

The step of the scan is set to 50pm. Taking into account the design goal of
k = 1m™! sensitivity, this infers a relative power change of 50 x 107%, or 50 ppm.
The photocurrents given by the monitor and the sample photodiodes are converted to
voltage signals by 1k transimpedance amplifiers, hereinafter referred to as Vi,onitor
and Vigmple, respectively. At each step, an analog-to-digital-converter (ADC)!° with
12-bit resolution acquires the voltage signals. To minimize operational point depen-
dent drifts which ultimately limit measurement accuracy, the power of the laser is
stabilized by comparing Vi,onitor t0 a voltage reference'!.

Assuming a carrier signal with non-offset'? DC voltage well-sized to the input

9Newport SMC100PP

10Measurement Computing, PCI-DAS1000 (12-bit, 250 kHz)
LM336 circuit

12Qubtracting a voltage reference from the signal.
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Figure 3.6: A photo of the optical setup for the mapping of photodiode responsivity.
We note the pair of Brewster polarizers between the Nd:YAG laser and the first
mirror.
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Figure 3.7: x induced by the beam clipping effect with w = 35 pm.

range of the ADC, with 12-bit resolution the minimum detectable AC fluctuation per
acquisition is 244 ppm (27'?). With 50 pm step-size, this corresponds to minimum
detectable x of about 5m™!, which is insufficient for our design goal. To overcome
this issue, hardware-wise, one can use either an ADC with more bits (e.g., 16 bits,
which is rather common, lead to k ~ 0.3m™!), or subtract the DC voltage with
a stable voltage reference. For the sake of convenience, we opted for a statistical
technique encompassing oversampling'® and averaging to improve « sensitivity at the
cost of slightly longer measurement time. The ADC is set to take 50 000 acquisitions
with 250 kHz sampling frequency, followed by the averaging of the acquisitions in
the VI.

By averaging over 50 000 samples, the standard error of the mean is reduced by
a factor of 224 (~ 4/50000). Ideally, this factor also corresponds to the boost of
ADC resolution and leads to x sensitivity of ~ 0.02m™!.

In the above-mentioned case, the data acquisition time is 0.02s, which corre-
sponds to the period of the 50 Hz AC signal in the power grid, and accordingly
any coupling from the power grid is rejected. There were no other spurious peaks
observed in the noise spectrum. This way, we make sure that the x sensitivity of
our measurements was not limited by the ADC.

Both the Z-shaped scan and the S-shaped scan are implemented in the VI (Figure
3.8). To reduce scan time, S-shaped scans were used in the measurements presented.
A typical scan takes about 2h for 50 pm step-size over 3mm x 3 mm area.

The temporal stability of the setup was assessed by keeping both photodiodes

13See, for example, “Enhancing ADC resolution by oversampling”, http://www.atmel.com/

Images/doc8003.pdf.
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Figure 3.8: Z-shaped (left) and S-shaped (right) scan patterns.

fixed and registering the ratio between Vigmpe and Vionitor- Typical short-term
standard deviation of the ratio is about 7 x 1079, corresponding to x sensitivity of
0.14m™!. The standard deviation for 5h is about 1 x 107%. The stability of the
scanning process is accessed by comparing successive scans of the same photodiode.

Once the responsivity map is obtained, the associated k,(x,y) and x,(x,y) are
deduced from its gradients along the x— and the y— axes. Figure 3.9 shows an
example of the results of the 3mm photodiodes'# of interest. The results of more
photodiodes of the same model can be found in Appendix C. The measured value
of x for this photodiode model is typically few m~!.

InGaAs photodiodes with 1 mm and 3 mm diameter are used in our experiments
to convert optical power to photo-current. The former is used to ensure high-speed
operation, while the latter is used to minimize the coupling of beam pointing insta-
bility to RIN detection.

3.6 Laser Frequency/Phase Noise Measurement

There is no perfect reference in frequency measurements [135]. Lasers are optical
oscillators whose frequencies also have finite stability.
An optical field may be represented in the form of a phasor:

A ellettdl (3.15)

where A is the amplitude, w is the angular frequency, and ¢ is the phase. Equation
3.15 describes an ideal oscillator, while temporal fluctuations can take place in the
form of A(t), the amplitude noise, w(t), the frequency noise, and ¢(t), the phase

noise:
At) - eilw@®)-t+o(0)] (3.16)

From Equation 3.15 we see that frequency and phase noises are not that different,
the only difference being the factor ¢, time.

In the time and frequency community, the instantaneous, normalized frequency
departure y(t) from the nominal frequency vy is related to the instantaneous phase

MExcelitas C30665GH
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Figure 3.9: An example of the x, ,(x,y) of the 3mm diameter photodiodes of inter-
est.
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fluctuation ¢(t) about the nominal phase 27yt by [136]:

y(t) = LM

= 3.17
27TVO dt ( )

In the Fourier frequency domain, the power spectral densities S,(f) and Sy(f)
are related by [136]:

Sy(f) = y—gS¢(f), (3.18)

or

Amplitude PSD{v}(f) = f - Amplitude PSD{¢}(f) (3.19)

when frequency and amplitude PSD are considered. This may be derived from the
definition of the instantaneous frequency [137]:

_ 1 do(t)
and the functional relationship of Fourier transform (F. T.):
PT{f@} = [ fla)- e = (g
F T ()} = (~2mig)" - F(6). (3.21)

Laser Frequency Noise Measurement Using Optical Cavities

An optical cavity may serve as a frequency discriminator for a laser beam, or vice
versa. Once the optical cavity and the laser beam are in resonance, i.e., mutually
locked, the control signal to remain the lock gives information on the frequency
departure. If the optical cavity is passive (i.e. the feedback actuates on the laser
beam) and relatively stable, we can then render the departure as the frequency noise
of the laser beam.

The Pound-Drever-Hall method [113, 117] is a typical technique in locking the
frequency of a laser to an optical cavity, or vice versa. Other techniques are Hansch-
Couillaud [138], which utilizes polarization, and tilt-locking [139, 140], which utilizes
higher-order cavity modes. An unorthodox technique using a higher-order Laguerre—
Gaussian mode of order 2 has also been reported [141]. Once the laser beam and the
optical cavity are locked, the control signal then bears the information on frequency
noise.

Mach—Zehnder Interferometry

In a homodyne Mach—Zehnder interferometer, the laser beam is split into two arms
and then recombined (Figure 3.10). The optical power of the interference fringe of
two collinear plane waves n = 1,2 with optical power P, and phase ¢, is in the form
[142]

P:P1+P2+2'\/Pl'PQ'COS(¢1—¢2). (322)
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The fringe state depends on the phase difference, oo = ¢1 — po. If we can trace P
fast enough (faster than the time it takes for ¢a to change by 27), then in principle
by calculating (and carefully manipulating) the inverse cosine of P, we can recover
Pa-

An alternative method is to lock P to a constant value by a phase actuator in the
Mach—Zehnder interferometer. The phase correction ¢, introduced by the actuator
to maintain the lock then reflects ¢ to within the measurement noise ¢.:

b = Oa + &.. (3.23)

¢, can come from both the phase actuator and the coupling between the finite laser
frequency stability and the finite symmetry of the interferometer.

A simple side-of-the-slope technique will do the job for the locking of the in-
terferometer, while locking at the extrema requires modulation techniques, among
which we discuss three possible schemes, heterodyning, phase dithering and frontal
phase modulation, in the following.

P’: Interference of

P1’& P2’
F 3
) BS2
Ml/ TP » P: Interference of
F1+P1 P1& P2
» F 3
+P1’+ P2+ P2’ + P2’
Pl PRI+ P2 :PZ PE P2 D BS: Beam-Splitter
BS1 M: Mirror

Figure 3.10: A Mach—Zehnder interferometer. Here the T/R ratio of BS2 =
P1/P1" = P2'/P2; and the T/R ratio of BS1 = (P2 + P2")/(P1 + P1l’). T: in-
tensity transmission; R: intensity reflection.

A Heterodyne Mach—Zehnder Interferometer

Let us first consider a heterodyne Mach—Zehnder interferometer where the optical
frequency of one beam is shifted by an acousto-optic modulator (AOM) (Figure
3.11), and write the electric field complex amplitudes of the two beams (n = 1,2)
with optical power P, in terms of phasors:

El = E1 . €iw1t . €i¢1
E~|2 = E2 : eiwzt . €i¢2, (324)

where F is the scalar amplitude, w is the angular frequency of the optical field, and
¢ is the phase. For mathematical convenience, we also define:

Wy — W — W1

A¢ = Qg — ¢1. (325)
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The optical power of the heterodyne interference, P, is:
P= (El + E2> : (El + E2>
—E?4+E2+E, -Ey-e 0. c7ml L [ . [, 0. glomt
=P +Po+2 /PPy [cos(wnt) - cos(Ap) — sin(wpt) - sin(A¢)]  (3.26)
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Figure 3.11: Phase noise measurement with a heterodyne Mach—Zehnder interfer-
ometer. From [143].

Based on the product-to-sum identities in trigonometry as shown in Equation
3.31, by homodyning the interference signal with a local oscillator with a proper
phase, we can either extract the sine term or the cosine term in which the phase
information is encoded. By extracting both terms, it is possible to track phase
deviations larger than 27 without ambiguity [143].

Dither Locking of a Mach—Zehnder Interferometer

Figure 3.12 shows another possible configuration to lock a fiber Mach—Zehnder in-
terferometer at its extremum based on phase dithering.

Fiber Fiber Fast Photodiode

Coupler Coupler _O_D_
}:k ] #:)E
EOM

NPRO Laser
Fibered and Isolated

Figure 3.12: Dither Locking of a Mach—Zehnder Interferometer

To lock the fringe state (¢pa — ¢, — 0, where ¢, is the locking point), a dithering
phase signal ¢,, = B, - sin(Qut), QL = 27 f,, is applied to one of the two waves with
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an electro-optic modulator (EOM), resulting in

p:P1+P2+2'\/Pl'PQ'COS<¢A+(bm). (327)

Applying the trigonometric identity

cos(pa + om) = cos(ga) - cos(dm) — sin(Pa) - sin(dm)
= coS(da) - coS[By - $IN(Qt)] — sin(Pa) - sin[By, - sin(Qpt)] (3.28)

and Jacobi-Anger expansions

o8B - sin(Qut)] = Jo(Bm) + 2 i Jok (B ) cos(2k82,,t)

k=1

Sin[By - sin(Qut)] = 2)  Jor—1(Bm)sin[(2k — 1)Qpt] (3.29)

where J, denotes Bessel functions of the first kind and £ € N, the cosine term may
be rewritten as

p = cos(¢a + dm)
= cos(Pa) - {Jo(Bm) + 2J2(Bm)cos(2Qmt) + 2J4(Bm)cos(4Q2mt) + ...}

— sin(pa) - {2J1(Bm)sin(Qmt) + 2J3(8m)sin(3Qmnt) + 2J5(8m)sin(5Q,t) + ...} .
(3.30)

The interference fringe is then registered with a photodiode with responsivity
S (Equation 3.2) and a transimpedance amplifier (TIA) with frequency-dependent
gain Grra(f), resulting in the voltage signal £ = Grra(f) - .S - P. By homodying &
with a local oscillator signal {0 = Vi - sin(kQmt + ®ro), and low-pass filtering,
based on the trigonometric identities

sin(kQpt + Pro) - sin(kQ,t) = 0s(Pro) — cos(2kQut + Pro)}

N~ DN~

. {C
sin(kQmt + ®ro) - cos(kQpt) = = - {sin(Pro) + sin(2kQ,,t + Pro)}, (3.31)

we extract the amplitude A(kS,,) of the frequency component at k€2, in £ as

A(kQn) = Gria(kQy) - S -{=Vio - Jx(Bm) - cos(Pro) - sin(pa)} for k=1,3,5...
= GTIA(ka) -5 {VLO : Jk(ﬁm) : Sin(q)Lo) . COS(¢A)} for k = 2,4, 6...

(3.32)

To lock the fringe at the bright state (¢a — 0) and maximize the amplitude of
the error signal, we set k = 1 and &0 = 0 or 7 to obtain the error signal:

€(da) = £Grra(fm) - S - J(Bm) - sin(oa). (3.33)

The error signal can then be used to lock the interference at its extrema (or, in
principle any arbitrary locking point, while in practice there may be limits coming
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from the saturation of the electronics) with a phase actuator (e.g. the EOM, as it
is readily there), whose phase correction signal reflects ¢a.

The error signal derivation so far is based on plane waves, while in practice,
TEMjo Gaussian beams (in free-space) and LPg; linearly polarized beams (in single-
mode fiber), likely with imperfect, nonidentical, and/or even non-stationary mode
profiles, are to be combined. These imperfections will affect the accuracy and uncer-
tainty of the phase lock (¢a(t) — ¢o — ¢c(t)), and it can be even more complicated
when power fluctuations in the two beams are considered, but we limit ourselves to
the simple derivation shown here which should suffice a general understanding.

It may be worthy noting that ¢ can also be measured even without the phase
lock using phase dithering. From Equation 3.30, we see that the information of
the cosine term can be obtained by mixing the interference signal with the second
harmonic frequency — or, simply by observing the DC term in the interference. With
both the sine term and the cosine term, ¢ can then be extracted without the 27
ambiguity, as discussed previously in the heterodyne Mach—Zehnder interferometer
setup.

Phase Noise Measurement Floor with a Mach—Zehnder In-
terferometer

The coupling of the laser frequency noise dv to the phase noise ¢ at the output
of the interferometer due to the optical path length difference AL between the two
arms of a Mach—Zehnder interferometer may be derived by assuming lock condition
such that:

AL:(n+An)-A:(n+An)-§, (3.34)

where n € N, A,, is the offset of the locking point, A is the laser wavelength, c is the
speed of light, and v is the laser frequency. Then, the change in AL with respect to
the change in v is:
) c
—(AL)=—n-— 3.35
= (AL)=—n (3.35)
and the change in phase, d¢ay, is:
d(AL) AL

5¢AL = T -2 =21 - T . (Sl,. (336)

The coupling may be minimized with reduced asymmetry, while in some cases
may be amplified for phase actuation, or for a different locking configuration.

Frontal Phase Modulation for the Locking of an Asymmetric
Mach—Zehnder Interferometer

When the Mach-Zehnder interferometer is asymmetric, it may also be locked by
frontal phase dithering (Figure 3.13), provided that the system is carefully tuned. If
we write the electric field complex amplitudes of the two interfering beams similar
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to those in Equation 3.24 as

Ey = B, - ¢t om®) . gits

Ey = Ey- ™. om0 . gl (3.37)
where w is the optical frequency, ¢,,(t) is the phase modulation, and ¢ is the phase,
after some algebra, we will only converge to Equation 3.22. In fact, the phase
modulation from frontal dithering only has effect when the difference in the time
of arrival of the two beams at the interference is significant when compared to the

period of the modulation signal.
To account for the time delay, we write the electric field complex amplitudes as

El _ El . eiwt . eiqu(t)

E2 — E2 . eiw(tht) . ei(bm(tht) . eiAd)’ (338)
where At = AL/c is the time delay due to the asymmetry AL, ¢,,(t) = B -
sin(£2,t) is the phase modulation, and A¢ is the phase difference accumulated

between the beam-splitter and the beam-combiner. Accordingly, the optical power
of the interference, P, is:

P = (El + EQ) : <E1 +E2>
= E} + E]
1 By By - elom®twit—m(i—At)~Ag]
+ By By - e 19mO)rwit—m(i=At)+Ag]

=P+ P
+2-V PPy cos[—on(t) — wAt + ¢, (t — At) — Ag)
=P+ P

+2- /P - Py cos|wAt — Ad + By, - sin(Qut)
— B - sin(Q,t) - cos(,At)
+ B - cos(Qt) - sin(Q, At) | (3.39)

Then, if we choose a proper modulation frequency §2,, and a proper time delay At
such that

1
Q- At = (§+n) - (neN), (3.40)
we obtain

P=P +P+2-\/P-P-cos[wAt — A} + By, - sin(Qpt) + B - c08(Qpt)]

=P +P+2-\/P -P5-cos [wAt—Agb—l—\/é-ﬂm-cos (th—%)}, (3.41)

which has a form that is similar to Equation 3.27. The information on the differential
phase between the two arms, A¢, can then be extracted using the same technique
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as in dither locking. We also see that any frequency departure of the laser source
from w affects the accuracy of the measurement.

This technique is often attributed to Lise Schnupp'® in the field of laser interfero-
metric gravitational wave detectors. The derivations shown here are rather sketchy.
More rigorous derivations and analyses may be found in [34, 144].

Fast Photodiode

Fiber L1 Fiber
j Coupler I ICoupler E—O—D_
NPRO Laser
Fibered and Isolated
LZ

Figure 3.13: Frontal Dither Locking of an Asymmetric Mach—Zehnder Interferometer

3.7 Laser Beam Pointing Stability Measurement

InGaAs quadrant photodiodes are used to measure laser beam movements. With
a Gaussian beam, the derivation of the measurement principle is more or the less
the same as the beam clipping effect in RIN measurements described in Section 3.4.
Likewise, the analytical derivations below assumes infinite aperture along the y-axis.

o
e/

Figure 3.14: Quadrant Photodiode

Assuming a quadrant photodiode with the four quadrants numbered as Figure
3.14, the horizontal beam movement can be measured by comparing the optical
power collected by quadrants Q1 and Q4, Pg, to the optical power collected by Q2

15For a presentation at a European Collaboration Meeting on Interferometric Detection of Grav-
itational Waves (Sorrento, Italy, October 1988). See, e.g., Chapter 8 of [2] and [34].
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and Q3, Py, [145]:

B
T w
2 P v —2x?

Pr(x') = —-—0-/ emp( f)dx (3.42)
w

™ W

where a change of variable as in Equation 3.9 is performed, z’ is the x-coordinate of
the center of the quadrant photodiode with respect to the laser beam, and F, is the
total optical power of the laser beam. We can define a dimensionless factor S by

_ PR(.I’/) — PL(ZE/)

S(z")
Fo
2 1 | [ —2a” v —2a”
s w x! w —00 w

When the laser beam is centered on the quadrant photodiode, ' = 0,

om)| __ fE1

Joxr Py x,zo_ T w

0 Py(z) B \F 1

%—Po xl:o_ b (3.44)
and therefore

0 2 1

= = —2.4/2 = 4

axS(QJ) . \/; - (3.45)

Any relative movement between the laser beam and the quadrant photodiode, 2/,
about the origin is then

x/:—\/g-s-w%—0.627-5~w, (3.46)

which is a commonly known equation. It should be noted, however, that S is not

linear with respect to ', especially when S is large. By introducing the function
er fc'o:

erfe(r) =1—erf(x) = % /00 et dt (3.47)

and Equation 3.9, Equation 3.43 may be recast as:

1T Lo [ () [Lon(E)

= —erf (%5 . x') . (3.48)

6http://mathworld.wolfram.com/Erfc.html
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To extend the derivation to a quadrant photodiode with finite radius r, it can be
shown that

S(x’) :erfC (ggj/> —%~€Tf0 (?%x’—l—r)) —%'ETfC <§'(CIZ’/—T)> .
(3.49)

To further consider geometrical effects, numerical calculations may be considered,
as in Section 3.4.
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Figure 3.15: Quadrant photodiode response S vs. relative movement x’

From Figure 3.15 we see that to obtain accurate measurements in laser beam
movements, the initial laser beam should be centered, and its radius well adapted
to the extent of the movement of the laser beam.

There are two types of laser beam movements, angular and positional, denoted
as da and A, respectively!”. In principle, a thorough characterization of laser beam
pointing stability requires two (or more) measurements at different distances of the
laser beam to distinguish these two types of movements. In practice, for conve-
nience, a single measurement can also lead to useful information on laser beam
pointing stability by assuming that all the movements are either angular or posi-
tional. Moreover, by putting the quadrant photodiode at the focus of a lens, we
measure only the angular movements, while by putting the quadrant photodiode
at the beam waist of the beam of interest (which may not be always possible), we
measure only the lateral movements.

17ISO 11670:2003, Lasers and laser-related equipment — Test methods for laser beam parameters
— Beam positional stability
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Another possibility in measuring beam pointing stability is to couple the laser
beam into a cavity, and measure the relative field amplitudes of the TEM;( and the
TEMj; modes [146-148]. This technique does not tell apart doa and A, but as we will
see in the next section, there exists an invariant |¢| in Gaussian beam propagation

through optical systems
AN® (o’
= — — 3.50
A= (2) (5, 550

where wy is the beam waist radius and 6 is the half divergence angle of a given
Gaussian beam.

3.8 Invariance of Gaussian Beam Pointing Stabil-
ity
As demonstrated in [149], a Gaussian beam may be represented by the complex

beam parameter ¢(z),
1 1 A

- = "y : 3.51

T RE) ep 350
where R(z) is the radius of curvature at a distance z from the beam waist, A is the
wavelength and w(z) is the beam radius at z. Together with the commonly used

ABCD matrix M for optical systems,

A B

-l o)

|M| = AD — BC =1, (3.52)
the Gaussian beam propagation in an optical system may be derived by matrix
operation:

| _|A Bl |a

=16 2] ] 09
or:

Aq + B
= —. 3.54
2 Cq+D ( )
After some algebra on Equation 3.51, one can show that:
q(z) = z +izg, (3.55)
where zp is the Rayleigh distance:
2
Wo
=nT—. 3.56
ZR ™ \ ( )
At the beam waist, z = 0, by defining ¢y as
g0 = q(0) = izg. (3.57)
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and propagating qo with the ABC'D matrix, we have:

doi = 1ZRy
BD + ACz3, N (AD — BC)zg,
= i
D%+ C%23, D%+ C%23,

(3.58)

where the subscripts o and ¢ denote the object space and the image space, respec-
tively, inferring

BD + ACz3,, 0 ) BD 250
Dryce, T e Ty (3:59)
and (AD — BC) A
- ZR,0 o
T, (5) = (300

In the ABC'D matrix formulation, a geometrical optical ray is represented by the

ray vector
Y
LJ , (3.61)

where y is the distance of the ray and u is angle of inclination of the ray with respect
to the optical axis. Similarly, the beam pointing parameters may be combined into

a vector A
Al o
and propagated by the ABC'D matrix formulation such that
Al |A Bl|A,
) =16 o)) 369

which results in:

A; = AA, + Béa,
oa; = CA, + Déa,. (3.64)

The invariance in Equation 3.50, squared, in the object space, |¢,|?,

sented as:
AN?  [da\?
2 _ J— R
o= (5) + (%)

AQ
= § : |:ZRO + ZR, 0 * 50&3:| (365)

can be repre-

with the introduction of the relations:

vz
o i.\ﬁ_
e z
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Similarly, in the image space, |¢;|?, with the introduction of Equations 3.59 and 3.60),
as:

71' AN, + B(Sao CAO + Déa,?
)\ 0o.:
W{

% A2A2+B25a + ABAba,) —

ZR,0

+ — (02A2 + D25oz + CDA 5@0) ZR O}
{ {AD AC?

ZR,0

2

DB
2370] + 5042 [

ZR,0

BD

ZR,0

+ ADZR7O:|

+ Ada, { + ACZR7O:| } (3.66)

With Equations 3.52 and 3.59, we have:

2 2
AD+ACZR’0: 1 [AD+<AC)( BD)] 1 AD — BC] =

ZR,0 D ZR,0 D AC ZR,0 ZR,0
DB? DB? AC
“Ro + ADZRO = ZR,0 |:< A ) (— BD) + AD:| = ZR,0 [—BC + AD} = ZR,0
BD 1 BD

A = BD+ A = 0. .
D | t0sgy - L[5 ac(-22)] <o o

Plugging Equation 3.67 into Equation 3.66 yields

|2 = (A) {A2 [ RJ + 602 [2p,] + Ada, [0]} = |6, (3.68)

thus proving the invariance of Equation 3.50.

Another physical aspect, given the condition |e¢|] < 1, for the demonstrated
invariance is to expand A and da into Hermite-Gauss modes in the total field ®
[146-148, 150]:

® ~ TEMgyy + €, TEM;o + ¢, TEMj;. (3.69)

The value |e|? is then the power of the TEM;, or the TEMg; modes and is therefore
invariant when propagated through ideal optical systems.

3.9 Beam Profile Measurement

The transverse modal contents in a laser beam can be analyzed by a scanning Fabry—
Perot cavity [147]. Moreover, by using a ring cavity with an odd number of optics,
the TEM,,, modes and the TEM,,, modes become non-degenerate when x is odd, and
therefore may be discriminated to give more information on the transverse model
contents of the laser beam under diagnosis. In some of our experiments a scanning
triangular optical cavity was used to analyze the laser beam.

Using an optical cavity for beam profile analysis, however, requires some elec-
tronics and alignment. An easier approach to know how much TEMy, content is in
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the laser beam is to couple the beam into a single-mode fiber. The linearly polar-
ized mode LPy; matches well with the TEMgy mode [79, 80] and therefore provides
a good estimate.

Another common method is to use a beam profiler. We commonly use a beam
profiler with scanning slits'® to determine the beam parameters such as the size and
the location of the beam waist. By fitting the measurements to a TEMy, Gaussian
beam, the fitting error reflects the beam quality. A MATLAB script, as presented
in Appendix F, is implemented to make such fitting.

3.10 Transverse Modes: LPjy; in Fiber vs. Gaus-
sian TEM, in Free-Space

For weakly guiding fibers, the transverse field may be constructed to be essentially
polarized in one direction, resulting in the commonly known linearly polarized (LP)
fiber modes [79]. The matching, in power transmission, between the fundamental
fiber LP mode in a step-index fiber and the fundamental Gaussian transverse elec-
tromagnetic (TEM) mode is > 93 % for V' > 1.5, and > 99 % for V' =~ 2 [80], where
V' is the normalized frequency parameter (Equation 2.5).

Below we use the wave optics formulation of fiber modes [151] to give an estimate
on the TEMgy—LP(; matching with the parameters of the polarization-maintaining
single-mode fibers used in our experiments (Figure 4.4):

e Mode Field Diameter (MFD): 7.2pm @ A\ = 1064 nm
e Numerical Aperture (NA): 0.120

and assume a step-index profile in which the cladding is composed of silica, which
has a refractive index ng.q = 1.4496 [152]'?. The refractive index of the core may
then be derived by definition (Equation 2.5) as nge = 1.4546. From these two
parameters, Equations 2.5 and 2.6 may be numerically solved to yield V' ~ 2.0923,
which in turn gives the radius a ~ 2.9526 ym?° of the fiber core. It is customary to
define the following parameters:

U=a-- k2n(2:ore _62
w=a-/B*—k>n?,,, (3.70)

where k = 27 /) is the wave number in free space, and 3 is the propagation constant
of the fiber mode. The general solution of the wave equation of the LPy; mode for

18BeamScan, Model 1080 Slit Scan

Yhttp://refractiveindex.info/?shelf=main&book=3i02&page=Malitson

20We note that this value is different from that specified in Figure 4.4. Since we do not know
the exact composition and structure of the fiber, we note the specified uncertainty in MFD, but
do not comment on the discrepancy. The purpose in this section is however instead to justify the
similarity of the fundamental fiber LP and Gaussian TEM modes.
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a step-index fiber can then be written as [151]:

Deore (1) = Coore - o (= 7)

w
(I)clad (T) = Oclad . KO (E : T) 3 (371)

where J is the Bessel function of the first kind, and K is the modified Bessel function
of the second kind, which describe the field ® in the fiber core and that in the
fiber cladding, respectively. The constant C' is introduced to ensure the continuity
condition. The value of 3, can be solved by establishing the continuity of the two
fields at r = a:

(I)core (a) - q)clad <a>

0 0
Eécore ((l) = gq)clad (a) ) (372)

which, after some algebra, leads to:

Ceore = Jo (1) = Cejaa - Ko (w)
Jo(u) _ Ko(w)

(3.73)

We then arrive numerically at 8 ~ 8.5742 x 10°m~! and Cqq ~ 2.1767 - Coppe. The
fundamental fiber LP mode field 5 can then be derived and be compared to that
of the fundamental Gaussian TEM mode 4, as shown in Figure 3.16. We note that
here the Gaussian field is defined as [80]:

_2 1 ()
b= y[5- e ) (3.74)

and the fiber field @5 is scaled by 1/ \/ﬁ, where

2 00
P:/ d¢/ r &% dr (3.75)
0 0

so that the two fields both have an integral squared value of unity. We see that the
two modes match well, with a power transmission value 7' = |¢|* = 0.9946 where ¢
is the integral of the modal overlapping:

2m e
c:/ dgb/ r®p O dr. (3.76)
0 0

3.11 Power Spectral Density Measurement

Almost all the probes in the experiments end up as voltage signals. A multimeter
can give simple statistical measures on the voltage signals such as the average DC
value and the root-mean-square value.
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Figure 3.16: Comparison on the fields of the fundamental fiber LP and Gaussian
TEM modes.

To perform frequency-domain spectral analyses, we use instruments based on ei-
ther Fourier transform (SR7802!) or swept-tuned super-heterodyning (HP8591A2%).
The key characteristics of these instruments are summarized as follow.

SR780 Specifications

e Input Impedance: 1 M + 50 pF.

e Frequency Range: 102.4 kHz.

e Input Noise (RMS): < 10nV Viz (< —160dBV \/E’l) above 200 Hz.
HP8591A Specifications

e Input Impedance: 50 €.

e Frequency Range: 9kHz to 1.8 GHz.

e Displayed Average Noise Level (input terminated, 0dB attenuation, 1kHz
RBW, 30Hz VBW):

— 400kHz to 1.5 GHz: < —115dBm.
— Equivalent to an input noise of 13nV v/ Hz '

21Standford Research Systems, SR780 Network Signal Analyzer
22Hewlett-Packard, HP 8591A Spectrum Analyzer
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We use the SR780 for the frequency range from 10 Hz to 100 kHz, and the HP8591A
for the frequency range from 100 kHz to 100 MHz. To ensure that the results are
comparable, GPIB commands wrapped in Perl?® are used to make automatic mea-
surements (Appendix G).

Another all-round solution is to use analog-to-digital converters (ADC) which
simply registers the voltage signal time series. Statistical and/or frequency domain
analyses can then be carried out through post-processing. We use mostly the ADC
cards from National Instruments (USB-6229, USB-6210 and USB-6009?*), while an
ADC card from Measurement Computing (PCI-DAS1000%°) is used in the mapping
setup for photodiode responsivity. A general issue with ADC cards is that the input
noise is generally higher than that of dedicated instruments, with some noise peaks.
For example, the specifications of National Instruments USB-6229 on the random
noise (RMS) vs. the input range are

o £10V: 2441V (7720V VHZ )
o £5V: 1221V (386 0V VHz )
o £1V: 301V (950V vz )

o £0.2V: 13uV (41nVVHz )

where the input noise levels in the parenthesis are calculated assuming 100 kHz

bandwidth. A noise floor of ~ 500nV v/ Az was measured with the USB-6229 with
45V input range. The Ni-DAQmx library was wrapped in Perl for data acquisition
with the National Instrument ADC cards (Appendix H).

3.12 Transfer Function Measurement

With a network analyzer, it is straightforward to obtain the transfer function of a
given system. We use the SR780 for transfer function measurement below 100 kHz,
and the HP3577A%°,

In the case of a servo control loop, a useful measure is the open-loop transfer
function (OLTF). Figure 3.17 shows a control loop diagram: ¢ is the free-running
noise, p is the perturbation input ¢; and €, are the error signal probes. We charac-
terize the servo control loop by sending a calibrated signal through the perturbation
input p to the system, and measuring the response of the system through the error
signals ¢; and €. In the loop there is an amplifier with gain A, and a feedback
network B. When the loop is closed, at steady-state, e — 0. Hence,

0 — ABp

61:5—ABP—AB€1ZW,

(3.77)

Bhttps://www.perl.org/

24National Instruments, USB-6229 (16-bit, 250 kHz), USB-6210 (16-bit, 250 kHz) and USB-6009
(14-bit, 48 kHz)

Z>Measurement Computing, PCI-DAS1000 (12-bit, 250 kHz)

26Hewlett-Packard, HP 3577A Network Analyzer
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and
p+o

1+ AB’
If the perturbation p is significantly greater than d, p > 4, the ratio between €; and
€9 is

€a =€ +p= (3.78)

€1

= —AB, (3.79)

€2

where AB is referred to as the OLTF. It is a useful measure because when p = 0,
the residual noise after the servo control loop is

5 )
14+ AB 1+ OLTF’

(3.80)

€ = €1
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Figure 3.17: A control loop diagram with negative feedback amplifier.

3.13 Automatized Data Acquisition

During the course of this study efforts, have been made to standardize, in particular,
the power spectral density (PSD) measurements. Since we had the FFT-based and
the swept-tuned spectrum analyzers in hand, the first effort was to standardize, in
particular, the frequency spans and the resolution bandwidths of our PSD measure-
ments in order to make uncorrelated measurements more comparable. Moreover,
even with a defined measurement procedure, it is often tedious and complicated
to manually operate all the steps, register the data, perform necessary conversion
etc., without making mistakes from time to time. The time required for manual
operation is therefore also a lot longer than computer-assisted operations, reducing
the simultaneity of correlated measurement, and making the rendering of the results
more difficult when the measurands of interest are non-stationary. Automatized op-
eration and data acquisition of the spectrum analyzers are therefore implemented
through the GPIB interface with the commands wrapped in Perl (Appendix G). The
developed Perl script works well, but inherently the spectrum analyzers have very
limited numbers of input channels, in our case two for the FFT-based spectrum an-
alyzer and one for the swept-tuned spectrum analyzer. Unless computer-controlled
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electric switches are implemented, manual operation is still required when multiple
signal channels are considered.

Analog-to-digital conversion (ADC) cards are therefore considered, which often
come with a bunch of input channels. The input noise level of commercially available
ADC cards may be significant, especially when the input range is set large, limiting
its sensitivity in relative measurements. Such limit can nevertheless be overcome
with the use of low-noise operational amplifiers, in which ARTEMIS is experienced.

Certainly when sampling frequency up to ~ 100 MHz is considered, the number of
input channels also becomes more limited. It should be noted however the possibility
to register digitized time series with an ADC card in comparison to a swept-tuned
spectrum analyzer. Digitized time series enable various data analyses which do not
have to be decided upon the acquisition of the data.

Fast Fourier transform (FFT) is probably the most common analysis, among
which a logarithmic frequency scale is often used in our application. We note that
some techniques may be applied to improve the Fourier frequency spectrum estima-
tion on a logarithmic frequency axis [153, 154].

An ADC acquisition script written in Perl using the NiDAQ-mx library may be
found in Appendix H.
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Chapter 4

Master Oscillator Fiber Power
Amplifier

As illustrated in Figure 2.15, Advanced Virgo foresees the use of fiber amplifiers to
attain the required power level. This Chapter briefly summarizes our experience
to date on some fiber amplifiers, and eventually focuses on the test results of our
most recent MOFPA setup which consists of commercially available fiber amplifiers
seeded by fiber-coupled NPRO lasers. The setup was continually tested for a few
thousands of hours. The noise performance was compliant with the Advanced Virgo
specifications. Despite the shortcoming of output power which may be remedied by
coherent beam combination as will be presented in the Chapter 5, in terms of noise
aspects, the test results of the MOFPA setup are reassuring for its application in
interferometric gravitational wave detectors.

This Chapter starts with a discussion on the seed lasers for fiber laser amplifiers,
taking into account the requirements of fiber-optic components as well as those
imposed by Advanced Virgo and its facility. Results on the fiber-coupling of NPRO
lasers are then presented, as well as an experiment on the probing of the stimulated
Brillouin scattering threshold of the fiber of interest.

We then characterize and present the results on the fiber laser amplifiers from
Nufern, FEolite and Azur Light Systems.

4.1 Seed Lasers for Fiber Amplifiers

A fiber amplifier cannot work by itself without a seed laser signal. Moreover, in
some cases the lack of a seed laser signal while the gain medium is being actively
pumped may result in devastating consequences in the fiber amplifier system.

Since in Advanced Virgo, the use of multiple fiber amplifiers is considered, we use
the term fibered seed lasers to refer to the conceptual building block that precedes
the phase actuators building block and the fiber amplifiers building block, and the
term laser source for the beam before branching, as illustrated in Figure 4.1.

For Advanced Virgo, the construction of the fibered seed lasers building block
depends on a few criteria:

e The laser source has to fulfill the noise requirements described in Section 2.7.
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Figure 4.1: Conceptual building blocks for coherently combined master oscillator
fiber power amplifiers.

In theory, an ideal laser amplifier inherits the properties of its input laser
signal, so having a stable laser source makes things easier from the beginning.

e The laser source should deliver a few hundred mW of optical power. This
criterion is bounded by two observations, and scaled by the number of fiber
amplifiers to be combined. The input power required by fiber amplifiers can
be as low as ~ 15mW, while the maximum power rating of fiber electro-
optic phase modulators is 100mW?!. To account for the considerable loss
(~ 0.7dB, cf. IL, insertion loss, in Figure 4.4) of common fiber connectors,
we should consider 100mW per fiber amplifier as limited by the fiber phase
modulators. Accordingly, if the combination of more than three fiber amplifiers
is considered, the laser source should deliver > 300 mW.

e A strong plus if the laser source is intrinsically guided in an optical fiber, or if
the laser head may be separated from its electronic driver.

The last criterion come from additional environmental considerations in the Ad-
vanced Virgo facilities, where there are the physically separated (~ 10m):

e laser room dedicated to core optics and laser components; has better cleanli-
ness.

e clectronics room for equipments that should not be placed in the laser room;
has lower level of cleanliness.

Then, first of all, to avoid noise contaminations such as electromagnetic interference
and acoustic coupling on various control loop signals, all noisy equipment should
be placed in the electronics room. Secondly, in terms of cleanroom management,
components that may require maintenance should also be placed in the electronics

1See, e.g., Photline electro-optic phase modulator, NIR-MPX-LN-0.1, http://www.photline.
com/product/view/52/pdf/
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room. Last, to facilitate heat management and to avoid temperature gradients,
highly thermal dissipative equipments should also be placed in the electronics room.

As discussed in Section 2.1, the NPRO laser is the state of the art when both high
power and good noise performance are considered, so the fibered seed lasers building
block may be construct simply by the fiber-coupling and the beam-splitting of the
NRPO laser, as will be shown in the next section.

Currently Advanced Virgo foresees to place also the NPRO laser in the electronics
room. On the one hand, it is not clear whether this leads to other concerns. On the
other hand, the fan in the electronic driver of the NPRO laser is known to cause
noise problems during the integration of the PSL and the INJ subsystems. Owing
to the finite range (~ 1.5m) of the proprietary electric cable between the NPRO
laser and its electronic driver, we are not able to separate and place them in the two
rooms. The NPRO laser will thus be located in the electronics room and the beam
delivery to the laser room will be made with optical fiber connections.

We do not know whether the laser head and the electronics of other alternatives
laser sources are separable by the physical distance required in Advanced Virgo
facilities, but as long as the laser sources are intrinsically fibered and therefore do
not require bulk optics, their placement in the electronics room will at least be less
prone to dust and other environmental factors.

Taking all these considerations into account, Figure 4.2 shows a possible config-
uration for the Advanced Virgo laser system, where the NPRO laser is used as the
laser source for the fibered seed lasers building block.

A possible alternative is to use low-noise single-frequency laser sources that are
inherently fibered (cf. Section 2.1). These laser sources often have limited output
power (< 100mW), and therefore require amplification. Since we are dealing with
fiber amplifiers, this may be done by simply adding another fiber amplifier stage,
while another possibility is to use the semiconductor optical amplifier (SOA). An
all-fiber configuration of the fibered seed lasers building block is shown in Figure
4.3, with which the high-power system will be fibered until the coherent beam com-
bination building block and thus require neither optical alignment nor demanding
cleanroom environment.

4.2 Fiber Coupling of the NPRO Laser

During the course of this study, three NPRO lasers were used, hereinafter denoted
as NPRO-400, NPRO-800 and NPRO-900, in which the number indicates roughly
the output power in mW. All three NPRO lasers had been coupled to polarization-
maintaining single-mode fibers.

Fiber of Interest

PMO980-XP alike polarization-maintaining (PM) single-mode (SM) fibers are used
in our experiments. The specifications from various providers are shown in Figure
4.4 among which we extract the following:

e Numerical Aperture (NA): 0.120.
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Figure 4.2: A possible configuration for the Advanced Virgo laser system.
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e Core Diameter: 5.5 pm.
e Mode Field Diameter (MFD): 7.2 pm @ A = 1064 nm.
e Insertion Loss (Fiber Connection): 0.7 dB.

Also, we generally use fiber patch cords with uncoated FC/APC (fiber connector,
angled physical contact) facets and launch the linearly-polarized laser beam with
its polarization aligned to the slow axis of the PM fiber, which is also the industry
standard of the orientation of the FC/APC key. We generally use the narrow key
(Type R) format.

The APC angle is O, ~ 8° in the plane of the fast axis (crossing the fiber
axis), therefore the beam is S-polarized when its polarization is aligned along the
slow axis. Apply Snell’s law (or la lois de Descartes), we have:

(Nsitica ~ 1.45) - sin(8fiper ~ 8°) = (Ngir ~ 1) - si0(Ogsr ~ 11.6°), (4.1)

and by assuming silica—air interface with a refractive index contrast of 1., &~ 1.45
and ng;, &~ 1, we obtain the reflection losses R4pc

2
Nsilica * Cos(efiber) — Ngir * COS 9&1’7*)

RS o = ( ~ 3.6 %
APC Nsilica * COS(inber) + Nair COS(eair) !
Nair * Cos(efiber) — Ngilica * COS(QaiT) 2
RY oo = ~3.2%. 4.2
APC Nair - Cos(efiber) + Nsilica * COS(Haz"r’> ’ ( )

Following Equation 2.4, the SBS threshold of this fiber is ~ 17Wm™!. The
configuration shown in Figure 4.2 comprises fiber beam delivery with > 10 m length.

To ensure that the beam delivery over such length does not introduce problems,
simple experimental verifications were performed using the setup illustrated in Fig-
ure 4.5. The comparison of PD1 and PD2 provides information on the fiber coupling
process, and the comparison of PD2 and PD3/Calorimeter provides information on
the beam delivery process.

More than 1W of single- frequency optical power was injected into the 25m
long fiber. The output power was measured to be proportional to the input power
(Figure 4.6), and no additional noise was observed (Figure 4.7).

We note that the variable attenuator was inserted only for power noise measure-
ments with PD3. Optical power levels between 35 mW and 997 mW were injected
to the 25m fiber, and by tuning the variable attenuator we ensured that the shot
noise measurement floors were comparable. All the measured power noise levels af-
ter the 25 m fiber were comparable, among which only the result with the maximum
injected power is shown.

The measurement result infers that the SBS threshold is > 25 Wm™!, which is
higher than the theoretical value. It can therefore be suggested that in a typical
fiber implementation, the SBS gain is broadened due to mechanisms described in
Section 2.3. The feasibility of fiber beam delivery of ~ 1 W of optical power over
~ 10m length, as illustrated in Figure 4.2, is therefore justified.
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Fiber Coupling (blue) curve was measured with lower photocurrent and therefore
the measurement floor was higher at high frequencies.
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Fiber Coupling Loss and Noise

From Figure 4.7 we also see that fiber coupling introduces additional power noise
in the low frequency range. This is very likely due to mechanical and acoustic
vibrations in the setup, as explained in the following.

Consider two Gaussian fields defined as in Equation 3.74 whose waist locations

are identical,
2
b 2. L ()
wWo 2m
2
2 [T (=)
P, = = .4/ —. ( “0 4.3

where A, is the separation of the beam axes.? The power transmission 7 is then
the square of the integral of the modal overlapping of these two fields, as defined in
Equation 3.76. The power noise coupling factor x due to beam pointing instability
defined in Equation 3.6 is then

_1 o7
T 0A,

P (4.4)

As one can see, the x induced by fiber coupling is linearly dependent on A, following
the property of the exponential function.

Noting that since the separation A, of the beam axes breaks the axial symmetry,
it is more straightforward to consider the integral in Cartesian coordinates. The
results obtained numerically® assuming identical beam waist radius are shown in
Figure 4.8.

Figure 4.9 shows some commercially available fiber collimators designed for
1064 nm wavelength. The output beam diameter (BD) is calculated with the for-
mula: BD = 2 x f x NA, and the numerical aperture (NA) is calculated with the
half divergence angle associated with the mode field diameter (MFD). We note that
the NA value obtained this way is different from that shown in Figure 4.4, but the
derived beam diameter values fit experimental measurements (Figure 4.10).

For example, if we assume a beam waist radius of wy = 600 pm for fiber coupling
and a centering error of 6pum = wy/100, the resulting x is ~ 17m™!, which is
significant and may thus explain the additional power noise introduced by fiber
coupling at low frequencies.

On the other hand, the loss due to misalignment is insignificant, only ~ 1%
loss takes place for a lateral misalignment of ~ 0.1wy. We do not discuss losses
due to other geometrical origins, while Figure 5.6 — although compiled for a study
on coherent beam combination efficiency — also gives some ideas on this topic.
The approximated expansions of general misalignments in [150] may also be used to
estimate the effect of misalignment on coupling loss.

2The formulation here may give the impression of a non-Gaussian shape for ®,. To avoid
confusion, a vector form should be used for A, but is dropped here for simplicity.
3Calculation window: 6wy x 6wp; step resolution: dx = dy = 0.01 wy.
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NPRO-400

The beam waist of NPRO-400 was measured to be wj = 157 pm in the horizontal
plane, and w§ = 173 pm in the vertical plane for a pumping current of 1.1 A.

With a typical coupling setup shown in Figure 4.11 (but without the isolator?),
a coupling efficiency of > 85% was obtained. Assuming reflection loss of ~ 3.6 %
(Equation 4.2) per FC/APC, the mode-matching reaches > 92%. The coupling
efficiency time series is shown in Figure 4.12, and the histogram in Figure 4.13. The
fluctuation follows normal distribution, with a standard deviation of ~ 0.5 %.

The NPRO-400 setup was initially mounted on an optical table under a hood,
and later transferred onto a 450 mm x 450 mm optical breadboard.

NPRO-900

The NPRO-900 was temporarily used® to provide the input power required (>
400 mW) for the Nufern and the Eolite fiber amplifiers discussed in the next sections.

The output power vs. pumping current of NPRO-900 is shown in Figure 4.14.
The beam propagation measurement is shown in Figure 4.15.

4Since after the fiber coupling process, the optical power reduces to ~ 300mW, a miniature
fiber isolator /circulator may be used for convenience and compactness. Miniature fiber-optic com-
ponents generally have a maximum power rating of ~ 300mW, with few exceptional cases of
~ 500 mW.

®We acknowledge the kind loan from European Gravitational Observatory (EGO), Cascina,
Italy.
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Figure 4.9: Some commercially available fiber collimators designed for 1064 nm wave-

PMOs0O-XP

Wavelength 1064 ——
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18.67 3.51 Thorlabs F280APC-C -0.0951 mm
15.68 3.51 OZ Optics

length. The ones highlighted in yellow were used in our experiments.
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Using the setup shown in Figure 4.11 led to ~ 90 % coupling efficiency (Figure
4.16). In deriving the coupling slope efficiency, the power injected to the fiber was
adjusted with both the tuning of the polarization (by rotating the first half-wave
plate in Figure 4.11) and the tuning of the pump current of the NPRO (Figure
4.14). We see from the results that the beam profile of the NPRO is dependent on
the pump current.

The fiber coupling efficiency time series is shown in Figure 4.17, which encom-
passes obviously daily 24 h oscillations. The histogram is shown in Figure 4.18. We
see that the short term stability of the fiber coupling for NPRO-900 is much better
that that for for NPRO-400. There was no systematic study based on this observa-
tion, but we recall that an optical isolator was installed for NPRO-900 but not for
NPRO-400. This might be one possible reason of the instability of the setup with
NPRO-400, as later in our experiments we noticed that back reflected light induced
instability in the NPRO laser.

The NPRO-900 setup was mounted on an optical table under a hood.

700 /
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= () Linear Fit of @: y =0.916z — 3.7
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Figure 4.16: Fiber coupling efficiency of NPRO-900.

NPRO-800

The coupling setup for NPRO-900 was stable and delivered decent output power
to seed the fiber amplifiers, but owing to the need of the Advanced Virgo project,
we could not keep NPRO-900 and consequently had to use the very old NPRO-800,
which had been lent to the Eolite company during the collaboration on rod fiber
amplifiers.
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The beam propagation measurement of NPRO-800 is shown in Figure 4.19. A
more complicated setup (Figure 4.20) was used for the fiber coupling of the NPRO-
800, with the intention to better characterize the fiber coupling of the NPRO laser.
The setup was designed to fit onto a 450 mm x 450 mm optical breadboard.
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Figure 4.19: Beam propagation measurement of NPRO-800. Pumping current [ =
1.8A.

Despite the effort, the NPRO-800 encountered failure and consequently discour-
aged the systematic study planned. Some remarks may be added with respect to
this effort for future attempts:

e A circulator was implemented to probe back scattered light in fiber connec-
tions. A polarization beam splitter (PBS) is used as the first polarizer for the
circulator as well as to fold the optical path.

e The power ratio between the reflected beam and the transmitted beam of the
PBS was maximized to ~ 382 : 16.

e The power transmission of the Faraday rotator was measured to be ~ 97 %,
while the total power transmission of the optical isolator was measured to be

~ 90 %.

e There was some reflection off the second surface of the Faraday rotator arriving
at the photodiode PD2, affecting the sensitivity on the probing of the back-
reflected light coming from the fiber. This may be avoided with better AR

SWe note that the measurement was limited by the dynamic range of the optical power meter
and ambient light. The true ratio should therefore be higher than this.
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Figure 4.20: Fiber coupling of NPRO-800.

coatings on the Faraday crystal, or by tilting the crystal to segregate the beams
and with the use of a diaphragm.

A fiber with anti-reflection (AR) coated input facet was used, but the max-
imum coupling efficiency obtained by tuning the aligning mirrors was only
~ 82 %, even lower than that of NPRO-400 and NPRO-900.

Although mode mismatching may well be a good reason to explain the low
coupling efficiency, in principle the coupling losses due to common tolerances
on the size and the location of the beam waist should be fairly limited [155,
156]. We note that the previous attempt on the fiber coupling of NPRO-
800 on an optical table with a simpler setup also resulted in limited coupling
efficiency:.

The fiber coupling efficiency time series together with the injected and coupled
optical power are shown in Figure 4.21. We see that the output power of the
NPRO-800 underwent abrupt jumps, which might be a sign for its loss of
stability due to aging. Also, the coupling efficiency showed some correlation
with the power of the NPRO laser, inferring once again that the beam profile
of the NPRO laser is dependent on its operating condition. Like NPRO-900,
the short term stability of the coupling stability was better than NPRO-400,
likely due to the implementation of the optical isolator.

The alignment of the laser beam into the fiber is often done with low optical
power to avoid damaging the fiber facet. As demonstrated in Figure 4.16, the
operating condition of the NPRO laser affects its beam profile and therefore
should be decided in the fiber coupling design. We note that using neutral
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density filters is not an option as thermal lensing effects can also leading to
misleading results. Figure 4.23 shows the change in the beam profile at a given
location when a neutral density filter with optical density (OD) of ~ 0.4 was
introduced in the beam path for attenuation.

e The histogram on coupling efficiency is shown in Figure 4.22. The Gaussian
fit parameters are also given, although the scattering does not match that of
normal distribution.
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Figure 4.21: Fiber coupling efficiency time series of NPRO-800.

Summary on the Fiber Coupling of the NPRO Laser

Although we did not perform a systematic characterization on the NPRO lasers and
their fiber coupling, and the results shown in this section are somewhat fractional,
it should be nevertheless fair to conclude that using a fibered NPRO laser in seeding
the fiber amplifiers is compatible with the requirements imposed by Advanced Virgo.

The coupling efficiency we obtained at the fiber injection level generally ranged
between 80 % and 90 %, with a possible improvement of up to ~ 7.2% if anti-
reflection coated fiber facets are used. Commercially available fiber-coupled NPRO
lasers specify > 60 % coupling efficiency and typically reach 70 % to 80 % [157]. We
note that in order to make a fair comparison, the optical loss in out setup, coming
from the isolator for example, might also have to be taken into account, although
we do not know whether optical isolation is implemented in the commercial model.

One problem we had encountered was the optical damage at the fiber facet
(Figure 4.24), which was likely due to laser beam misalignment and/or dust con-
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Figure 4.22: Fiber coupling efficiency histogram of NPRO-800.

tamination. This may be avoided by using sealed pigtailed fiber collimators, or by
fusing the fiber to a silica rod” to mitigate the effect of possible dust contamination.

Another issue for the experiments was that the NPRO lasers used were rather
aged, especially NPRO-800, and went into unknown failures from time to time.

Last, although the use of a fiber-coupled NPRO laser is justified , based on the
considerations discussed in Section 4.1, having an intrinsically fibered laser source
and an all-fiber configuration in the fibered seed lasers building block is advantageous
in relieving the need for optical alignment and cleanliness.

4.3 Fiber Coupling for General Beam Delivery

In the previous section we show the coupling and the delivery of the beam of an
NPRO laser with an optical fiber.

Similarly, fiber coupling might provide some additional degree of freedom to
tackle with the coupling factor x coming from the inhomogeneous responsivity of
photodiodes, which is a concern in the laser power stabilization system for Advanced
Virgo. If the photodiode is clamped to the fiber facet such that there is no or little
relative motion in between, the inhomogeneity is no longer a concern. The coupling
issue is then simplified to that of finite aperture and finite alignment accuracy.

In both the case of a photodiode and the case of fiber coupling, as long as the
impinging laser beam is centered with normal incidence, the coupling factor s is
null. Misalignments will have stronger effects in the case of fiber coupling as it

"http://www.lightpath.com/PDFFiles/Collimators.pdf
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Figure 4.24: A damaged (left) facet and a normal facet (right) of a PM980-XP
fiber. We note that the scale of the image may be deduced from the cladding
diamter (125 pm ~ 38 % of the field of view) specified in Figure 4.4

depends on the overlapping of two Gaussian profiles, instead of that of a Gaussian
profile and a top hat profile in the case of a photodiode. The top hat, however, has
more limited dimension. The aperture of the fiber collimator, on the other hand, is
generally large enough for the clipping effect to be negligible, and the output mode
radius can be at the order of a few mm (Figure 4.9). In comparison, the mode waist
radius of the Input Mode Cleaner (IMC) of Advanced Virgo is 5.17mm (cf. Section
2.7).

If we assume a beam waist radius of wyg = 5mm (half divergence angle 6 ~
68 nrad) and a centering error of 5m. the coupling factor « is then 0.2 m~! accord-
ing to Figure 4.8. We note that in this case the equivalent pointing error required
derived from the analogy in Figure 5.6 is 0.001 x # ~ 68 nrad, which might not be
feasible. A more realistic case might be to have wy = 500 pm (0 ~ 680 prad) and
a relative centering/pointing error of 0.1 %, which in absolute terms is 0.5 pm for
centering, and ~ 0.68 prad for pointing. We do not know the exact performance on
laser beam alignment in Advanced Virgo and in normal laboratory conditions, but
some ideas may be inferred from Figures 2.14 and 2.19 in which the AC counterparts
are drawn.

One may argue that the photodiode may also be clamped to a certain optics
for a larger apparent aperture size. This may be possible if only one photodiode is
considered. In the case where multiple photodiodes are combined to deliver a high
photocurrent for better RIN sensitivity, it may be difficult to clamp the whole bulk
optical setup required. In other words, to reduce the coupling factor x, the choice lies
between a bigger Gaussian hat and a smaller flat-top hat with finite homogeneity.

In a fibered setup, beam-splitting can take the form of fiber couplers and there-
fore greatly reduces the size of the optical setup. The drawback, however, is that
standard miniature fiber couplers often have a maximum power rating of 300 mW
to 500 mW, and the loss of cube-like fiber beam splitters is rather significant from
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our experience. In any case the maximum power rating of 500 mW matches already
the power foreseen to be injected to the photodiode array for laser power stabi-
lization in Advanced Virgo. A sealed fibered photodiode is also less prone to dust
contamination, which might be advantageous for some applications.

Once the laser beam to be characterized in terms of power noise is coupled to a
single-mode fiber, the optical AC coupling [114] technique may also be implemented
with reduced difficulty thanks to the good beam quality, if a free-space cavity is
to be used. All-fiber optical AC coupling is also possible, except that it might
not be effective for low frequencies owing to the optical power damage threshold in
fiber Fabry-Perot interferometers®. On the other hand, if laser beam quality is not
an issue and only the optical power is considered, multi-mode fibers may also be
considered for laser beam delivery.

4.4 Nufern Fiber Amplifiers

Prior to this study, a 100 W customized fiber amplifier from Nufern® was tested in
ARTEMIS and encountered an unknown failure after just a few tens of hours of
operation.

In 2013, we received an engineering demo unit of a ~ 50 W commercially available
fiber amplifier from Nufern. On start, the fiber amplifier delivered 49 W output
power with an input power of 120mW. Two continuous runs were carried out;
the first run lasted 62h and the second run lasted 57h. The intended interruption
between the first and the second runs was about 15 min, while the second run was
interrupted due to a shutdown of the seed NPRO laser. The amplifier failed to
restart after the interruption.

There were two major issues with this fiber amplifier. The first was the con-
tinuous and monotonic drop in the output power. The output power dropped by
~ 4.5% during the first 62h run, and ~ 1.5% during the second 57h run (Figure
4.25).

The fiber amplifier was cooled with water chillers. By lowering the temperature
setting of the water chiller from 23 °C to 21°C, the output power dropped by ~ 6 %.
Such process is reversible, and indicates a ~ 3% per °C temperature dependence
of the output power. Since the temperature of the water chiller was regulated to
within £0.2°C with a time constant in the order of a few minutes, the excessive
output power drop of the fiber amplifier over several tens of hours should not be
associated solely with temperature effects. In other words, the loss in the output
power was intrinsic to the fiber amplifier.

The second major issue was the power noise plateau that extended from ~ 1 MHz
to ~ 10MHz (Figure 4.26), thereby exceeding the noise budget of the reference
design of the PSL for Advanced Virgo by more than an order of magnitude. The
beam pointing stability in the horizontal plane of this fiber amplifier is shown in
Figure 4.27.

8For example, < 100mW for finesse F = 200, FSRy, > 10 MHz (Equation 2.10), Micron
Optics, Fiber Fabry—Perot Scanning Interferometer, FFP-SI. The spectral resolution (= vy/F >
50 kHz)

Shttp://www.nufern.com/
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More information on the test results of this fiber amplifier from Nufern is attached
in Appendix A [158].
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Figure 4.25: Input power, output power and temperature time series of the Nufern
~ 50 W fiber amplifier.
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Figure 4.26: Power noise of the Nufern ~ 50 W fiber amplifier.

10 s :
Nufern, 50 W, Horizontal H
= = = Nufern, 50 W, Vertical i
m= AV Free-Running Specs, Horizontal
107 \A_ A AdV Free-Running Specs, Vertical ||
\
107 A /
.
N
\g 10‘3 *M . ——
~—
i
107 - I Y
\
_ ]
10°
107° ——
10 10° 10° 10°

Frequency (Hz)
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4.5 Eolite Fiber Amplifiers

In 2011, ARTEMIS started a collaboration with Eolite on the investigation of rod
fiber amplifier technologies. The target output power, as a start, was ~ 50 W. The
major problem of the rod fiber amplifier was its transverse mode instability at high
power levels, as discussed in Section 2.3.

The collaboration then turned its focus to more conventional fibers, and in 2013,
a fiber amplifier with ~ 27 W output power was delivered to ARTEMIS where it
was tested for more than 500 h, over which the output power evolved incrementally
by 2% (Figure 4.28). The measured power noise is shown in Figure 4.29, and the
beam pointing stability in Figure 4.30.
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Figure 4.28: Output power time series of the Eolite ~ 27 W fiber amplifier.

The main problem with this fiber amplifier, obviously, is the shortcoming of
output power. Moreover, this fiber amplifier required > 400 mW at its input. An
additional pre-amplifier stage would be necessary if we had continued the collabo-
ration in this direction.
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Figure 4.29: Power noise spectrum of the Eolite ~ 27 W fiber amplifier.
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4.6 Azur Light Systems Fiber Amplifiers

In 2013, we made contact with Azur Light Systems, a French company, in having
50 W fiber amplifiers. Owing to the frustrating experiences we had with Nufern and
Eolite, we visited the company and tested a 30 W demo unit as a cautious start.
The output power, according to the company, was limited by available pump power.
The demo unit had only one pumping laser diode, while the design of the active
fiber was meant for as high as 70 W [159].

The test results (Appendix B) of this demo unit were satisfactory, and an order
of two 50 W (two pumping laser diodes) fiber amplifiers were placed. After a consid-
erable delay, the two fiber amplifiers (hereinafter denoted as ALS 1 and ALS 2) were
delivered, one of which (ALS 1) were returned shortly to the company following the
failure of the pre-amplifier.

Figure 4.31 is a schematic diagram of the fiber amplifiers. An input beam of
> 20mW is required to seed the amplifier. The input beam is pre-amplified to a
few hundred mW and then amplified to a maximum of ~ 55W before the output
optical isolator (Figure 4.35). The power throughput of the isolator is ~ 85 %. Two
laser diodes are combined to pump the ytterbium-doped double-clad large-mode-
area fiber in a co-propagation setup. Rack A and Rack B are standard 19-inch
racks. Rack A is cooled by forced air, while Rack B is cooling-free. Rack A and
Rack B are connected by three optical fibers of about 2m length. Rack B and Laser
Head is connected by a 60 cm fiber. Some photos of the fiber amplifier system ALS
2 are shown in Figure 4.32. The leakage beam from the optical isolator of ALS 2,
as shown in Figure 4.33, indicates that the isolator is aligned with respect to the
extinction ratio instead of the power transmission.

— Electronic Cable

— Laser in Free Space
Power Supply
— Single Mode Fiber
1 == Multi Mode Fiber

4 N )
—+{ FC/APC }—{ Pre-Amplifier | N

High-Power Amplifier CollimatorH Isolator
[ Pumping Laser Diode } > s P

Laser Head

Pumping Laser Diode } >

Rack A J ¥ Rack B J

Large Mode Area Fiber

Figure 4.31: Schematic diagram of the tested fiber amplifiers

We note that the forced air cooling of Rack A introduces significant acoustic noise
between 200 Hz and 200 kHz (Figure 4.34). Originally water cooling was foreseen,
but due to communication errors the delivered units came with forced air cooling.
As we will see later, the acoustic noise associated with the fan potentially spoils
many of our measurements, but in any case, for Advanced Virgo, water cooling can
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Figure 4.32: Photos of ALS fiber amplifier.



always be opted for to avoid problems.
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Figure 4.33: The leakage beam from the optical isolator of ALS 2.
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Figure 4.34: Acoustic noise of Rack A. Measured with ALS 2.
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In the following, we show results on the characterization of our MOFPA setup
in comparison with Advanced Virgo requirements. In short, the MOFPA setup
qualifies for the use in Advanced Virgo in terms of power noise, frequency noise
and beam pointing stability, while the shortcoming in available output power is
obvious. A partial workaround is coherent beam combination, as will be presented
in Chapter 5, but for practical concerns in terms of system complexity, having an
MOFPA delivering ~ 100 W output power is highly favored. Last, the long-term
stability of the system is promising, but further studies are required to come to a
conclusion.

Output Power

Figure 4.36 shows the output power of the fiber amplifiers after the optical isolator'®
versus the current of the pumping laser diodes. We see that the curves are linear.
Both amplifiers were put in continuous operation whenever possible with constant
pump current of 9.6 A for ALS 1 and 9 A for ALS 2, which were the maximum set
values available.

The output power was monitored constantly by a photodiode, and most of the
time also by a calorimeter, separated by a beam splitter. Data were registered using
analog-to-digital converter (ADC) at 10s interval for ¢ < 650 h, and at 60s interval
otherwise. The correlated trends of the photodiode and the calorimeter justify the
overall validity of the output power history, among which the less noisy data from
the photodiode are shown in Figure 4.36. Also, amidst the monitoring process the
calorimeters were calibrated with respect to traceable standard from NIST to an
uncertainty of £2.5 %.

As ALS 1 was shipped back to the manufacture for repair, we began with the
monitoring of ALS 2, and saw an increase in output power during the first 650 h.
The trend interruption of ALS 2 at ~ 300 h was due to computer crash, while the
amplifier ALS 2 remained operational. On the opposite, other trend interruptions
in Figure 4.36 generally corresponded to the off-state of the amplifiers ALS 1 and
ALS 2. The shutdown of the amplifiers was caused by either the built-in security
electronics, the shutdown of the seed NPRO laser (likely also due to security elec-
tronics), or power outage of the lab. Either case, the fiber amplifiers could be easily
restarted and thus showed their robustness.

Restarting the amplifiers caused relatively large fluctuations in output power
which might last a few hours before reaching relative steady-state operation, as
shown in Figure 4.38, and resulted in the downward spikes in the time series.

Oscillating output power fluctuations with 24h period were present for both
ALS 1 and ALS 2, as shown in Figure 4.37. In addition to the daily oscillation, the
oscillation with ~ 25 min period corresponded to environmental fluctuations of the
laboratory associated with the air conditioning system. No other obvious oscillations
were observed. We note that ALS 1 and ALS 2 were placed in different rooms; the
room with ALS 1 was with less disturbance. Also, other characterizations apart
from output power monitoring were made with ALS 2. The output power time

10Thorlabs I0-5-1064-VHP
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series of ALS 1 shown in Figure 4.36 should therefore reflect the intrinsic character
of the fiber amplifier.
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Figure 4.35: ALS fiber amplifiers: output power vs. laser diode pump current.

The most important objective in monitoring the output power was to gain some
insight on lifetime and stability of fiber amplifiers, as photo-darkening [102, 103, 160]
has long been a concern in high-power ytterbium-doped fiber amplifiers for long-term
operation. Both ALS 1 and ALS 2 experienced gradual loss of output power. Simple
linear fitting of the output power trend between ~ 3800 h and ~ 6400 h indicates loss
rate of 1.1mWh™?! for ALS 1 and 0.9mW h~! for ALS 2. It should be noted that
there was no measurement dedicated to photo-darkening, so the loss of output power
was a collective effect of many factors including but not limited to photo-darkening.
For example, the degradation of the fiber coupler bringing together the signal beam
the two pumping beams might also be liable for the loss of output power.

To our knowledge, this is the first report on the output power trend of high-
power ytterbium-doped fiber amplifiers with quasi-continuous operation over a few
thousand hours. The accumulative operational hours before necessary maintenance,
which are ~ 2400 h for ALS 1 and ~ 3900 h for ALS 2, are reasonable for applications
like interferometric GWDs which require continuous laser operation over months.
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Figure 4.36: ALS fiber amplifiers: output power time series.
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Time Domain Stability Analysis of ALS 2 Fiber Amplifier for
t=0htot=650h

During the first ~ 650h of operation, ALS 2 was left mostly untouched, except
that the computer used for monitoring crashed and therefore required a restart at
~ 260 h. The fiber amplifier remained running despite the computer crash.

To better understand the stability of the output power and its potential correla-
tion with operational and environmental factors, we monitored various signals and
performed time domain stability analysis using the Allan deviation (ADEV) statis-
tics [135]. The Allan deviation is the square root of the Allan variance (AVAR),
which is also known as the two-sample variance and is defined as:

o2(1) = = ((wiy1 — xi)2>7_ : (4.5)

Although time consuming, to make better use of the whole data set, we applied
overlapping all-tau ADEV calculations with a MATLAB routine!!.

Figure 4.40 shows the ADEV results on various signals associated with ALS 2
between ~ 2h and ~ 240h (the head and the tail of the time series are removed to
avoid spurious results due to disturbance). Figure 4.41 shows those between ~ 305 h
and ~ 647 h. We note that the time series plotted are only to indicate their evolution
with time; the units on the vertical axis are chosen arbitrarily, so direct comparisons
are only valid with quantities that are alike.

From the time series plots we can see that @ Amplifier Input Power shows
some correlation with the Amplifier Output Power (@) and (€). Since in a separate
experiment we verified that the fiber amplifier was saturated that the change of input
power from 20 mW to 45 mW had no effect on the output power, and ~ 27mW was
injected to seed ALS 2, such correlation suggests that there might have been some
systematic errors in our overall measurement setup, such as electronic drifts in the
ADC readout, for example. The Power of Pumping Laser Diodes (¢) and @) correlate
to each other, and also slightly with the Pumping Current (). The Beam Pointings
® and () also correlate to each other.

From the ADEV results, two notches are present, one at ~ 1500s and one at
~ 80000s, which correspond to the ~ 25 min time constant of air conditioning and
the daily oscillation, respectively. The correlations basically follow the discussions
on the times series in the above paragraph. One thing that may be interesting to
note is that the stability of the reading from the calorimeter is a lot worse than that
from the photodiode for timescales below ~ 200s, which might correspond to the
thermal time constant of the calorimeter.

Beam Quality

We were able to couple a fraction of the ~ 40 W beam of ALS 2 into a polarization-
maintaining single-mode fiber with > 88 % efficiency using a simple setup like that in
Figure 4.11. Assuming 3.6 % Fresnel reflection loss (Equation 4.2) for each uncoated
FC/APC facet, this means that > 95 % of the output beam is matched to the fiber

Uhttp://www.mathworks.com/matlabcentral/fileexchange/26659-allan-v3-0

97


http://www.mathworks.com/matlabcentral/fileexchange/26659-allan-v3-0

B e i T W Y W L

___® 1 I
| b, 1
---® : L !
0 50 100 150 200 250
Time (Hour)
107 rre
_e
==
-—-”
L’ '-’,
-”_ | /
T
Tl =X
o \\-;

=
..-"""”

10°

10" 10” 10° 10" 10° 10°

Figure 4.40: Time series and ADEV of various signals associated with ALS 2 between
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LPy; mode, whose mode profile highly resembles that of the Gaussian TEMgy mode
(cf. Section 3.10).

Also, the beam propagation measurement of ALS 2 after a lens shown in Figure
4.42 also fits well to a fundamental Gaussian beam.
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Figure 4.42: Beam propagation measurement of ALS 2 after a lens.

Power Noise

Due to the experience with the Nufern ~ 50 W fiber amplifier which had excessive
power noise in the MHz range, we first wanted to know if the power noise of the
ALS fiber amplifiers were acceptable in this frequency range. An 1mm diameter
photodiode was used to ensure fast response up to ~ 100 MHz, and the measured
power noise at high frequencies is shown in Figure 4.43

Then we tried to measure the power noise at lower frequencies, but observed
the difficulty in obtaining consistent values across measurements. Multiple cross-
checking power noise measurements were then taken to understand better the diffi-
culty, with the results shown in Figure 4.44.

A few observations may be commented accordingly:

e The 1 mm diameter photodiode measures higher power noise level at low fre-
quencies due to beam clipping effects discussed in Section 3.4 (Curves @) vs.

@), and G vs. ©.).

e The clipping effect can extend up to ~ 1kHz (Curves D and @ vs. ).
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Figure 4.43: Power noise at ALS 2 fiber amplifier input and output between 100 kHz
and 100 MHz. The power of the NPRO laser was tuned slightly and hence the move
of the lump at ~ 800 kHz.
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Figure 4.44: Power noise at ALS 2 fiber amplifier input and output between 10 Hz
and 100 kHz. Noise Eater is the built-in power stabilization of the NPRO laser, and
here Fan refers to that of the calorimeter.
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e The power noise is non-stationary, and can sometimes dominate over the clip-
ping effect down to ~ 200 Hz (Curves © and © vs. @ and @).

e The power noise level may change between ~ 200 Hz and ~ 10kHz, but the
amplitudes and frequencies of the forest peaks therein remain constant.

To better understand the output power noise, correlation measurements were
made to seek its possible origin. Figure 4.45 shows that the peak forest appears
at the pumping current level and imprints onto the power of the pumping laser
diodes, and Figure 4.46 shows that the peak forest eventually continues on from
the pumping laser diode power to the output power. From these measurements,
seemingly the peak forest in the output power originated from the current source.
There were however situations in which the relation was not very visible (Figure
4.47).

In terms of the non-stationary behavior, one order of magnitude in output power
noise was observed. The process seemed to be rather random. Sometimes it evolved
slowly, while sometimes it jumped abruptly. Sometimes we were able to trigger the
evolution by perturbing the system with a slight change of pump current, while
sometimes the system was just not affected. Figures 4.48 and 4.49 are another two
measurements showing the power noise dynamics.
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Figure 4.45: Relative optical power noise vs. relative injection current noise, of the
pumping laser diodes of the ALS 2 fiber amplifier.
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Figure 4.46: Relative power noise of ALS 2 fiber amplifier output vs. relative optical
power noise of the pumping laser diodes (1/4).
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Figure 4.47: Relative power noise of ALS 2 fiber amplifier output vs. relative optical
power noise of the pumping laser diodes (2/4).
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Figure 4.48: Relative power noise of ALS 2 fiber amplifier output vs. relative optical
power noise of the pumping laser diodes (3/4).
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Figure 4.49: Relative power noise of ALS 2 fiber amplifier output vs. relative optical
power noise of the pumping laser diodes (4/4).
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Although it may be interesting to understand better the characteristics and the
dynamics of fiber amplifier output power noise, for Advanced Virgo, what matters
more is whether the noise of the system stay within the requirements despite the
fluctuations.

We therefore monitored the output power noise of ALS 2 over 60h (starting
at ~ 5787h) with a ~ 15 min measurement interval'? to obtain the spectrograms
shown in Figures 4.50 & 4.51 for an estimate on the range and in particular the
upper limit.

We note that owing to non-optimized ratio between the radius of the impinging
beam and that of the 1 mm diameter photodiode used for the monitoring, and the
presence of non-negligible beam pointing instability (Figure 4.53), the power noise
for f < 1kHz shown in Figure 4.50 was overestimated.

From the spectrograms we see that there were stationary peaks as well as non-
stationary peaks, and that there were periods where the system appeared to be
noisier as well as those where the system appeared to be more stable. For example,
many peaks appeared at few kHz when the system was relatively noisier.

In any case, the power noise generally fit the free-running specifications of Ad-
vanced Virgo, excepted for the noise peaks at 3kHz < f < 5kHz. As discussed
above, the power noise at these frequencies likely come from the noise in the current
source of the pumping diode lasers, and accordingly may be remedied simply by reg-
ulating the current source, which, as claimed by the manufacturer, is implemented
in the newer model of the same fiber amplifier product family.

Moreover, the free-running specifications we use was tailored to the Virgo solid-
state laser system with a more reserved power stabilization loop unity gain frequency
at ~ 20kHz (cf. Figure 2.18), while previous experiences shown that the power
stabilization loop unity gain frequency may be pushed up to ~ 80kHz, which can
also cover the excess power noise even without modification to the current source
of the pumping laser diodes. It should be nevertheless acknowledged that when it
comes to the performance of the power stabilization loop, the fiber amplifier itself
also has to be considered, as will be discussed in Section 4.7.

Frequency Noise

The output beam of the amplifier was coupled into a polarization-maintaining (PM)
single-mode (SM) fiber, and fed to one arm of a fiber-optic Mach—Zehnder interfer-
ometer (Figure 3.12). A passive fiber was connected to the other arm. The mismatch
in arm length was ~ 25 m.

A fiber-optic EOM was used to create the dithering phase signal (f = 14 MHz)

12The measurement was automatized with GPIB commands wrapped in Perl (Appendix G).
Owing to unknown reasons, the GPIB connection with SR780 could sometimes fail during the ac-
quisition. Since it would be effort costly to handle all error exceptions in the Perl script, a simple
trick is to call the Perl script in a batch command file and run repeatedly until the acquisition
succeeds. Once succeeded, the Perl script holds on for the set time interval before it terminates.
The same was applied to HP8591A, with another batch command file. In short, the power noise
acquisitions at high frequencies and at low frequencies were made in parallel, but were interwo-
ven instead of synchronized, and the measurement intervals could drift due to GPIB connection
problems, especially for SR780.
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Figure 4.50: Output power noise spectrogram of ALS 2 at low frequencies.

106



60 -

50+

I
o

Time (Hour)
W
S

LENE| HE
=

-
§

10 10 10 10
Frequency (Hz)

10

RIN (1/VHz)

= = = AdV Free-Running Specs
Median

Scatter

10

-8

10

4

10

5

10 10

Frequency (Hz)

8

logio{RIN (1/vVHz)}

Figure 4.51: Output power noise spectrogram of ALS 2 at high frequencies.

107



required to lock the interferometer as well as to correct fast differential phase fluc-
tuations. A unity gain frequency of ~ 1 MHz was obtained for the phase lock. Slow
phase drift with large dynamic range (~ 2200 rad peak-peak in 15h, cf. Figure 5.2)
was corrected by thermally tuning the optical frequency of the NPRO laser crystal.

The dynamic range of the fast phase actuation by the EOM was ~ 8.6rad
(Verom ~ 2.2V with £6V voltage range), and that of the slow actuation was
about +943rad (thermal tuning of the NPRO laser frequency 3 GHz°C™! via volt-
age control 1°CV~!, with £0.6 V voltage range and 25 m interferometer asymmetry
AL; cf. Equation 3.36). The crossing frequency of these two phase actuation paths
was of the order of a few Hz.

The differential phase noise between the two fiber amplifiers in the frequency
band of interest was obtained by probing the correction signal sent to the EOM. After
the conversion to frequency noise by multiplying the Fourier frequency (Equation

3.19), the results are shown in Figure 4.52. Typical 10kHz/ f Hz Viz frequency
noise of the NPRO laser is shown for comparison; the measurement floor is defined by
the coupling of the NPRO frequency noise and arm length mismatch (Equation 3.36).
Here we do not plot the Advanced Virgo free-running specifications for comparison,
as the measured frequency noise was orders of magnitude below the requirements
(cf. Figure 2.18).

It may be confusing in Figure 4.52 that the measured frequency noise at the
output of the fiber amplifier is lower than that of a typical NPRO laser, which
was used to seed the fiber amplifier. This is in fact because the measurement setup
inherits the frequency noise of its input beam through the arm length asymmetry. In
our setup this contribution is small (cf. the estimated Measurement Floor in Figure
4.52) compared to the measurements undertaken. In other words, the measured
frequency noise of the fiber amplifier presented in the Figure 4.52 is an additional
contribution to the frequency noise that is already present in the beam entering the
Mach—Zehnder interferometer.

A 25m passive fiber was used to replace the arm with the fiber amplifier to
obtain experimentally the measurement floor of this setup. Although this was mea-
sured with a different frequency resolution bandwidth, it is shown in Figure 4.52 for
information. We see that the measurement floor matches calculation, while some
noise structures are also present. It may be worth noting the similarity of the noise
forest in the kHz range to that seen in the acoustic noise (Figure 4.34), and that in
the power noise of the current source (Figure 4.45).

From these results we can fairly say that the fiber amplifier does not introduce
significant phase/frequency noise to its input beam, and qualifies for the use in
Advanced Virgo.

Beam Pointing Stability

A 3mm diameter InGaAs quadrant photodiode!® was used to measure the beam
pointing stability of the output beam of the fiber amplifiers. The results, expressed
in |e| as defined in Equation 3.50, are shown in Figure 4.53.

130SI Optoelectronics, FCI-InGaAs-Q3000
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Figure 4.52: Frequency noise of ALS 2.

We see that despite the noisy environment, the beam pointing stability is within
the free-running requirements of Advanced Virgo.

4.7 Actuation Paths for Power Stabilization

In Section 2.5 and in the discussion on the power noise measurement of the ALS
fiber amplifier, it is stated that when it comes to power stabilization, the actuation
path has also to be considered, especially if Advanced Virgo adopts the same power
stabilization scheme as that of Virgo, which is based on the current shunt on the
pumping laser diodes!*.

Figure 4.54 is the schematics showing the current shunt used in Virgo and its
relation to the laser system [161]. A bipolar junction transistor (BJT) is used as
the electric switch to stand high current levels. By applying a voltage signal on the
base (B), the current flowing through the collector (C) and the emitter (E) changes
accordingly as well as the current flowing through the pump laser diodes.

Figure 4.55 shows the amplitude transfer function (base to emitter) of the current
shunt with different voltages across the current shunt. The voltage across the current
shunt depends on the operation condition of the laser system. For example, that of
ALS 2 is shown in Figure 4.56.

14In Virgo the current shunt was implemented on the pumping laser diodes for the injection-
locked slave laser, while for the Virgo+ laser which has an additional stage of solid-state laser
amplifier, the current shunt is implemented on those for the amplifier.
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Figure 4.56: Voltage across the current shunt vs. pump current, ALS 2.

What we are then interested in is the amplitude transfer from the current shunt
to the output power of the fiber amplifier. In fiber amplifiers, the analytic model for
gain modulation in a quasi-three-level (n = 1,2, 3, Figure 4.57) laser system such as
erbium-doped and ytterbium-doped fiber laser amplifiers suggests the introduction
of the corner frequency w.yy [162, 163] defined as:

1
Weff = PSO(L)B5+P2(L)BP+;, (4.6)

where L is the length of the fiber, P2 is the mean seed power, PP is the mean pump
power'®, and 7 is the fluorescence lifetime. Bg and Bp account for the confinement
factors I'p and I'g which account for the overlapping bewteen the beam and the

doped region, the absorption and emission cross sections o,,/, and the effective area
A of the fiber:

Bp=Tp- 0132031
BS:FS.% (4.7)

Physically, w. s denotes the low-pass cutoff frequency for pump-to-output power
modulation transfer. Only if the modulation frequency of the pump power is below
wess will the populations be able to follow. On the other hand, slow variations in
the seed power will be auto-corrected by the population and therefore suppressed

5Here the power is in unit photons per second.
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Figure 4.57: A quasi-three-level system for laser action.

[164]. Figure 4.58 illustrates the first-order filter like amplitude modulation transfer
of quasi-three-level fiber amplifiers. Due to the lack of knowledge in the parameters
of our fiber amplifiers, we are not able to construct models using this analytic model.

m— Pump — Amplifier Output
= = = Amplifier Input — Amplifier Output

10° 10" 10° 10° 10! 10° 10°

Frequency (Hz)
Figure 4.58: Qualitative illustration on the amplitude modulation transfer of
pump/input power to output power and the corner frequency w, s of a fiber ampli-
fier.

In Equation 4.6, for ytterbium, the fluorescence lifetime is ~ 1ms [164], whose
inverse is ~ 1kHz, a rather low frequency. In an ideal amplifier setup, the unab-
sorbed pump power Pp(L) is also low and therefore Equation 4.6 is dominated by
the first term and may be approximated by

wers ~ P3(L)Bs, (4.8)
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which infers that the higher the output power, the higher the corner frequency wey;.
Figure 4.59 shows the amplitude modulation transfer of pump current to output
power of ALS 2 fiber amplifier at different output power levels, measured using the
current shunt, which confirms this tendency.

We see that for I > 6A, the shape of the transfer function was somewhat
abnormal. We did not go into investigations, as the measurement was made to
give an idea on how fast we could act on the fiber amplifier using the same power
stabilization scheme for Virgo. The cutoff frequency, as plotted, falls in the range of
several tens of kHz. Therefore, the power stabilization scheme previously used for
the Virgo laser systems may be also be used with the master oscillator fiber power
amplifier setup.
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Figure 4.59: Amplitude transfer function of the current shunt to the output power

of ALS 2.
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Chapter 5

Coherent Beam Combination

To obtain high power, coherent beam combination is an alternative to the power
scaling of fiber amplifiers. To date, there have been numerous proposed schemes on
laser beam combining [109], notably those focused on ytterbium fiber amplifiers [110,
165]. For our application, given the stringent specifications aforementioned, we limit
ourselves to the use of Mach—Zehnder interferometry, just as the earliest report in
using coherent combination to obtain higher available laser power for interferometric
gravitational wave detectors [166].

In fact, the stringent constraints on the laser beam as required by Advanced
Virgo, or interferometric gravitational wave detectors alike, actually facilitates co-
herent beam combination. The line of thought is logically symmetric:

e We use laser interferometry to probe gravitational waves.

e To achieve good interferometry for gravitational wave detection, we need good
laser beams.

e We may also use laser interferometry for coherent beam combination.

e To achieve good interferometry for coherent beam combination, we also need
good laser beams.

So, essentially we are using interferometry for interferometry, and the argument is
simple: if we do find a decent laser beam for one interferometry, there is no reason
to not use it for the other interferometry. If one is justified, so should be the other.

In the case where a Mach—Zehnder interferometer is used, coherent beam combi-
nation equates the locking of an interferometer, which has been extensively studied
in the gravitational wave detector community [144, 167, 168|.

Coherent beam combination (CBC) techniques using Mach—~Zehnder interferom-
etry based on the configurations discussed in Section 3.6 have all been reported,
which are: heterodyne [143], phase dithering [165] and frontal phase modulation
[169].

In this chapter, results on the coherent combination of the two ALS fiber ampli-
fiers will be presented. A dither-locked free-space Mach—Zehnder interferometer as
discussed in Section 3.6 was implemented for the combination. As the simple argu-
ment above suggests, given qualified laser beams as those from the fiber amplifiers
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discussed in the Chapter 4, the coherently combined laser beam also qualifies the
requirements posed by Advanced Virgo and therefore should be naturally considered
in the scaling of laser power for gravitational wave detectors.

5.1 Dither-Locked Free-Space Mach—Zehnder In-

terferometry for Coherent Beam Combination

The two ALS fiber amplifiers presented in Section 4.6 were coherently combined
using a dither-locking scheme similar to that used for the measurement of laser
frequency noise (Figure 3.12). The main differences are that the Mach—Zehnder
interferometer for combination was set up in free-space and that a piezoelectric fiber
stretcher! with about 300 rad total actuation range was implemented to compensate
for the differential phase drift between the arms. The setup is shown in Figure 5.1.

Fiber Coupled NPRO Laser

— o ()
— R

Fiber

| Coupler | .........
— D

: Fiber Amplifier E i
1
v 1

Fiber EOM (m E/\ Bricht Port

| Stretcher | = > brig or

Fiber Amplifier — Electronic Cable
m — Laser in Free Space

— Single Mode Fiber

Figure 5.1: Schematic diagram of the setup for the CBC of two MOFPAs

The path length difference between the two arms was accordingly minimized to:

Achieve better mode-matching. Since the two fiber amplifiers use identical
large-mode-area fibers and therefore have almost identical beam parameters,
minimizing the path length difference brings together the locations of the beam
waists and leads to good mode-matching.

Reduce the noise coupling of the laser frequency noise and the asymmetry,
although the induced phase noise is rather negligible for a reasonable asym-
metry.

Take into account the compatibility with the laser frequency stabilization of
Advanced Virgo (cf. Figure 2.15). Since the laser frequency adapts to various
cavities which may drift, it is wise to minimize the arm length difference so
that the induced phase change due to the change in laser frequency (Equation

LOPTIPHASE, PZ1-PM1: ~ 0.3rad V™!, 500V, first resonance at ~ 56 kHz.

116



3.36) may be correspondingly minimized and thus reduces the dynamic range
needed for phase actuation.

e To relieve the differential phase drift due to the asymmetry coming from ther-
mal fluctuations for example.

The path difference of the two arms in our beam combination setup was min-
imized to about 0.5m. The path difference was measured by tuning the laser fre-
quency and observing the resultant differential phase change, as related by Equation
3.36.

5.2 Phase Dynamic of Azur Light Systems Fiber
Amplifiers

When performing the frequency noise measurement of the ALS 2 fiber amplifier
(Figure 4.52), a phase drift of ~ 2200rad in ~ 15h was observed (Figure 5.2). The
phase drift was compensated for by the coupling of laser frequency tuning and the
~ 25m asymmetry, which had ~ +943rad phase actuation range.
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Figure 5.2: Differential phase time series of an asymmetric Mach—Zehnder interfer-

ometer in which one arm is a passive fiber and the other is the fiber amplifier ALS
2.

A continuous, uninterrupted operation of the laser system is required for inter-
ferometric GWDs, so it is important to make sure that the phase actuation range
suffices the relative drifts in the Mach—Zehnder interferometer.
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Previously, an increase in the path length of nearly 2000 waves was observed
during the first 8 minutes of operation of a fiber amplifier, indicating that the heating
of the fiber persisted even after the fiber amplifier had reached full power [143].

On the one hand, the phase drift rate is likely to decrease as the system ap-
proaches stead-state, and a continuous combination may be obtained even with
limited phase actuation range, but at the cost of increased downtime of the laser
interferometric GWD once a failure takes place. This suggests that a more active
measure be taken.

On the other hand, ideally, when two fiber amplifiers of an identical structure are
combined, we can expect that most of the phase evolution takes place in common-
mode, and only some residual takes place in differential-mode. It has been reported,
however, that mismatches of 10% can be expected from nominally identical fiber
amplifiers [110, 143].

A similar study showed that the duration of continuous combination was limited
by available actuation range [165], while another study showed that even with ~ 30 m
asymmetry, by using a piezoelectric fiber stretcher, the combination system remained
locked even when the pump power was tuned between 0 W and 18 W [169].

Although it is still inconclusive whether minimizing the asymmetry helps reduce
the differential-mode phase drift, with our setup where the asymmetry was measured
to be < 0.5m, we were able to maintain the phase lock for combination over the
course of a few hours to few tens of hours, depending on whether the system was

disturbed.

Figure 5.3 shows three time series of the differential phase evolution between the
two ALS fiber amplifiers in the coherent beam combination setup. We note that
during the periods @ and (¢) marked in the figure the system was left untouched,
while some laboratory activities were undertaken during the period (0). Whenever
the dynamic range is reached and that the power of the combined beam drops to a
certain threshold (~ 15% from the maximum), the locking loop stops functioning
with the control signal set to zero, and re-locks again when the same threshold is
triggered by spontaneous fluctuations. The re-locking process is rather fast, so we
can assume that it does not interfere the combination system. We may then estimate
the dynamic of the differential phase drift by stitching together the discontinuities
at the unlocks, as shown in the lower half of Figure 5.3.

Accordingly, with the ~ 300rad peak-peak phase dynamic range of the piezo-
electric fiber stretcher used, an uninterrupted continuous lock may be marginally
achieved given an undisturbed environment. Robustness may be improved by using
multiple piezoelectric fiber stretcher of the same type in serie, or by using models
with larger dynamic range. Regarding the latter, up to 4 times phase dynamic
range, i.e., ~ 1200rad, is readily available on the market?.

To obtain a large phase actuation range, apart from using piezoelectric fiber
stretchers, other possibilities include exploiting the Kramers-Kronik relation, as
demonstrated in [169], and the use of thermal controllers. Electronically, a fast 2nm
phase snapback circuit like that in [170] may also be considered.

20PTIPHASE, PZ1-PM4
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the top were split into the three plots at the bottom with the discontinuities stitched
for an estimate on the differential phase dynamics.
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5.3 Combining Efficiency and Power Penalty

In an interferometric setup, unbalanced optical power of the beams reduces the fringe
contrast and results in the power penalty of beam combination. Since we might not
be able to arbitrarily choose the reflectivity of the beam splitter, some studies use
polarization beam splitters for coherent beam combination [171] and argue that it
is a more versatile approach.

The power penalty due to power mismatch is however insignificant. Consider
the interference setup shown in Figure 5.4, following Equation 3.22, we have:

P3:TP1+RP2+2'\/TPl'RPQ'COS((bA)

P4:TP2+RP1+2'\/TPQ'RP1'008(¢A+7T) (51)
By letting
Pi= PRy
Py = Py+ AP, (5.2)

and locking Ps at the bright fringe, the combination efficiency 7 is defined as

a P1 + P2
(1-R)R + R(FR + AP) +2\/(1 = R)Py - R(I + AR)

- 2P, + AP (5-3)

n

and plotted in Figure 5.5. We see that the resulting power penalty due to optical
power mismatch is insignificant. Loss origins related to geometrical alignment are
discussed in [155, 156] (Figure 5.6), which are also rather insignificant.

The loss of combination efficiency is mainly due to uncorrelated non-TEMg,
modal contents in the combining beams. In other words, the combination efficiency
also reflects to some extent the beam quality of the combining beams.

The percentage of the optical power in TEM, of one of the fiber amplifiers was
estimated to be > 95 % (cf. Section 4.6), while that of the other fiber amplifier was
not directly measured. Assuming however that they have the same optical power in
TEMjgo and that their non-TEMg, contents are uncorrelated, 95 % is a good estimate
on the maximum attainable combination efficiency of our CBC setup.

After some pick-off plates for diagnostic purposes, ~ 35 W of optical power of
each ALS fiber amplifier was sent to the beam-splitter. The combining efficiency at
the beam-splitter level was measured to be > 87 % with direct optical power mea-
surements. Then, after some optimization in alignment, a fringe contrast (visibility)
of 92 % was measured. By combining the definition of fringe contrast and Equation
3.22, we have:

PMa:c_PMin

Contrast =
ontras PMaw + PMin
2.4/ P, - P, = Contrast - (P, + P») (5.4)
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such that when 50-50 beam-splitting ratio is assumed, the combination efficiency 7
is:
1 P 1

=_- = — - (1 4 Contrast 5.0
> BB 2 (1 + Contrast) (5.5)

Ui

The measured fringe contrast of 92 % therefore inferred a combination efficiency of
96 %, which was close to the measurement result on the beam quality of the ALS 2
fiber amplifier.

P2

Figure 5.4: Optical interference: Py, P, are the optical power at the input ports, Ps,
Py, are the optical power at the output ports. R is the reflectivity, and T'=1— R is
the transmittance of the beam splitter.

Another power penalty for our coherent beam combination setup lies in the
modulation sidebands. Figure 5.7 shows the Bessel function of the first kind of the
orders 0 to 4 versus modulation depth . In our setup, for a phase-locking unity
gain frequency of ~ 1MHz, a modulation depth § ~ 0.05rad was implemented.
According to Equation 3.30, this means that ~ 0.06 % (= 1 — Jy(0.05)) power was
taken from the carrier beam, which is negligible.

5.4 Power Noise

Figure 5.8 shows the power noise of the laser beam after coherent beam combina-
tion. At low frequencies, the power noise is generally within the Advanced Virgo
requirements, except for f >~ 3kHz, just as the result of the individual fiber am-
plifier ALS 2 shown in Figure 4.50. Some additional noise peaks are clearly visible
in the 100 Hz to 1 kHz range, with also the increased 1/f content below 1kHz likely
coming from the coupling of the beam pointing instability.

At high frequencies, the power noise floor is also that of the result of the individ-
ual fiber amplifier ALS 2 (Figure 4.51), with additional peaks due to the modulation
(f ~ 14MHz) for the phase-dithering technique. The noise peaks at the even har-
monics of the modulation frequency come from dither locking. In Equation 3.30,
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Figure 5.5: Coherent beam combination efficiency vs. optical power mismatch.

we see that when the system is locked at ¢a = 0, the sin terms vanish, but the cos
terms remain.

The noise peaks at the modulation frequency and its odd harmonics are likely a
result of residual amplitude modulation [172-176], which is a well-known effect in
electro-optic modulation, and is in general significant in fiber EOMs. Any offset ¢,
in the phase lock such that pa —¢. — 0 will also lead to the presence of these peaks.

In order to not interfere with the Advanced Virgo specifications, the modulation
frequency for phase dithering has to be carefully chosen. Apart from this, coherent
beam combination complies with the requirements in power noise.

To better understand the sources of possible noise contribution, we plot the
measurements of power noise of individual fiber amplifier beams and that of the
combined beam together in Figure 5.9. The measurement noise floor, which is the
dark noise of the photo-detection setup, is also shown. We note that the power
noise of the combined beam is plotted first, then on top it the power noise of the
ALS 2 fiber amplifier, the power noise of the ALS 1 fiber amplifier, and finally the
measurement noise floor. This way, the uncovered parts of the power noise curve of
the combined beam may be regarded as additional noise.

An important remark is that there was a significant difference in the optical
power of the two beams that were combined, owing to the abrupt loss of power of
ALS 1 which eventually led to its failure. The power ratio during the time of these
measurements was ~ 1.8 : 1.

In Figure 5.9 we see that the power noise peak set with fundamental frequency
1f ~ 185 Hz is only visible in the combined beam, and resemble that seen in the
frequency noise of the ALS 2 fiber amplifier in Figure 4.52. The reason for the
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Figure 5.8: Power noise of the coherently combined beam.

correlation is not clear. Possible explanations include:

e Noise coupling effects. If the two combining beams are not perfectly collinear,
the correction of their differential phase noise can translate into beam pointing
instability. The finite aperture of the photodiode then translates the beam
pointing instability to power noise. This seems to be one likely contribution,
as the correlation between the fiber amplifier frequency noise and the beam
pointing instability was also observed, not only for the noise peak set with
fundamental frequency fo ~ 185Hz but also in the kHz range (Figures 4.52
and 5.13).

e A loophole in our frequency/phase sensitive measurement setup. This, how-
ever, does not seem to be the case according to the calibration measurement
of a 25m fiber (Figure 4.52).

At high frequencies, we see from Figure 5.9 that the coherent beam combination
process does not alter much the noise performance, except at frequencies associated
with the phase modulation signal. We see clearly the effect of the radio frequency
modulation at 14 MHz, which is the strongest in the ALS 2 fiber amplifier output
beam, where the phase modulation takes place, due to residual amplitude modula-
tion (RAM). It is also visible in the combined beam, and even the output beam of
ALS 1. The latter may be explained by electromagnetic coupling, as is seen in the
dark noise which defines the measurement floor. The former, at first glance, may
seem to due to RAM, while we note that the phase locking loop normally should
render RAM into an offset in the locking point such that the signal at 14 MHz is null.
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To further explain, we note that the differential phase noise at Fourier frequencies
higher than the loop bandwidth (~ 1 MHz), as can be inferred from Figure 5.11, not
only renders itself into power noise at the output of the combined beam, but also
induces the residual of the modulation sidebands due to non-zero ¢ in Equation
3.30. We also recall that the even harmonics of the 14 MHz modulation are present
due to the dither-locking technique (Equation 3.30).

5.5 Frequency Noise and Beam Quality

It was planned to couple part of the beam after the combination to a single-mode
fiber for the assessment on beam profile and the measurement of frequency noise.

The coupling efficiency of the individual beams and the combined beam will
provide information on the beam quality of each beam, and a cross comparison will
provide information on mode-matching. A scanning Fabry—Perot cavity will also be
used to precisely characterize the transverse modal contents of each beam.

The fiber-coupled beam will then be sent to a fiber Mach—Zehnder interferometer
in which the beam in one arm is frequency-shifted with an acousto-optic modulator.
Following the discussions in Section 3.6, we can then measure the differential phase
noise and convert it to frequency noise with Equation 3.19.

Unfortunately, due to the failure of the two fiber amplifiers, we have not been
able to perform such task to date.

In principle, in the MZI beam combination scheme, since one beam is locked
with respect to the other beam, the frequency noise of the combined beam should
resemble that of the reference beam. Although only experimental verification could
give a real measure on the frequency noise of the combined beam, the expected
result of the coherently combined beam should not differ too much from that shown
in Figure 4.52.

Once locked, the differential frequency noise between the two fiber amplifiers
may be assessed using the control signal sent to the fast phase actuator, the EOM,
as shown in Figure 5.10. It should be noted that due to a communication error® in
the implementation of the locking electronics, the crossing frequency between the
fast EOM path and the slow piezoelectric fiber stretcher path was ~ 300 Hz instead
of the few Hz foreseen, so the results at lower frequencies may be biased.

The differential frequency noise also resembles that of ALS 2 shown in Figure
4.52 in terms of the floor and roughly the peak frequencies, especially the set with
fo ~ 185 Hz.

Another way to assess the differential frequency noise is to measure the power
noise of the combined beam when the system is left free-running. The results ob-
tained this way are however only qualitative, as the coupling from frequency noise
to power noise is dependent on the fringe state. Therefore, to properly recover from
the measured power noise to frequency noise, the time series has to be acquired with
a sampling rate that is high enough in comparison to the frequency band of interest,
followed by tedious data analysis. It it however interesting to compare the power

3We forgot to include the 50 V/V gain of the high-voltage amplifier for the piezoelectric fiber
stretcher.
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noise of the combined beam when it is phase-locked, to the free-running counterpart,
as shown in Figure 5.11.

5.6 Beam Pointing Stability

Figure 5.12 shows the beam pointing stability after the coherent combination, which
is within the Advanced Virgo free-running specifications. The results also resemble
those of individual fiber amplifiers shown in Figure 4.53, except for the noise peak
set with fy ~ 185 Hz, and the peak forest between ~ 1kHz and ~ 10kHz, which
correspond to those measured in the frequency noise of ALS 2 shown in Figure 4.52,
and those in the differential frequency noise shown in Figure 5.10.

This observation confirms the argument that due to the misalignment of the two
combining beams, the correction of differential phase noise couples to beam pointing
instability, which then couples with the clipping effect of the finite dimension of the
photodiode and results in the peaks seen in the power noise measurement in Figure
5.9.

For a clearer comparison, the beam pointing stability of the the individual beams
and the combined beam are brought together in Figure 5.13. We note that the photo-
currents used for the measurement were different and therefore resulted in the dif-
ferent measurement floors visible in the figure for readings reaching ~ 10_7\/E_1.
The additional noise peaks in the pointing instability of the combined beam associ-
ated with the frequency noise measurement shown in Figures 4.52 and 5.10 are then
easily identified.

In any case, these additional noise peaks do not exceed the requirements of
Advanced Virgo and thereby once again justifying coherent beam combination a
suitable means for power scaling. Moreover, the presence of such noise coupling
mechanism automatically serves as a probe for the degree of alignment of the two
combining beams, as illustrated in [150], if any auto-alignment effort is to be taken.

5.7 Long Term Monitoring Results

To check the stability of the coherent beam combination system, in addition to the
differential phase dynamics shown in Figure 5.3, an ADC card was used to monitor
and generate the spectrogram of various signals. We note that although the input
noise of the ADC card was significant, as well as the dark noise of the photodiode
and the transimpedance amplifier used for the ALS 1 fiber amplifier, according to
the calibration measurements shown in Figure 5.14, the results obtained this way are
still relevant, at least for f <~ 10kHz. The measurement setup for the combined
beam is similar to that for ALS 2.

The resulting spectrograms are: Figure 5.15 for the power noise of the ALS 1
fiber amplifier, Figure 5.16 for the power noise of the ALS 2 fiber amplifier, Figure
5.17 for the power noise of the combined beam, and Figure 5.18 for the differential
phase noise between the two fiber amplifiers. The blank gaps are the periods where
the relevant data are not available, either due to the security shutdown of the fiber
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Figure 5.12: Beam pointing stability of the coherently combined beam vs Advanced
Virgo free-running specifications.

amplifiers or experimental purposes. We note that in the coherent beam combination
experiment the fiber amplifiers were relocated to the same room.

We see from the spectrograms that the power noise of ALS 1 is different from
that of ALS 2. The peak forest in ALS 1 is less visible. Considerable fluctuations
in the power noise level are again observed in both ALS fiber amplifiers. The power
noise of the combined beam is higher than that of the combining beams, notably at
the set of frequencies with fy ~ 185 Hz.

The frequency set with f; ~ 185Hz, as well as many frequency peaks, has
constant and stable appearance in the differential phase/frequency noise spectrum.
It may therefore be suggested that these peaks are stable oscillations in the individual
fiber amplifiers with different frequencies.

5.8 Laser Power Stabilization On Top of Coherent
Beam Combination

Coherent beam combination provides an additional actuation path for power sta-
bilization. Using a dither-locked Mach—Zehnder interferometer, by offsetting the
locking point from the bright fringe, we get some slope for power actuation, at the
cost of decreased combination efficiency and increased phase noise. The former is
not really an issue as all power stabilization schemes would require some power re-
serve anyway. The latter, judging from the need of our application, Advanced Virgo,
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is tolerable, as discussed below.
Consider Figure 5.4 and let P, = P, = F,, we have

Py = Py - (14 cospa), (5.6)

whose derivative with respect to ¢ is

ony
LI

To control P3 and suppress RIN (here RIN = §P3/P3) by tuning ¢a, following the
definition in Equation 3.1, we define the conversion factor I' as:

= —Fy - sinpa. (5.7)

ORIN Sinoa
I'= = — . .
5¢A 1+ COS¢A (5 8>
The induced phase in the combined beam, dpope, is half of dpa:
1
dpcpe = 3 dpa
1 JRIN
—_— 5 * T. (5-9)

Equation 5.9 relates the translation of RIN to phase noise in the combined beam.
The effect of such translation may be assessed, at first glance, by looking at the
free-running laser frequency noise specifications for Advanced Virgo (Figure 2.18),
in which large attenuation is present at low frequencies, and the free-running power
noise of the coherently combined fiber amplifiers (Figure 5.8). If we approximate
the latter by an upper limit of 0.1/ f \/E_l, and assume a 0.3 rad offset in ¢ which
leads to I' & —0.15, the resulting frequency noise is:

dvepe = f - 0pcBe

1 SRIN
] —0.1/fVHz
72 —0.15
- %Hz VHzZ (5.10)

which is within the specifications (cf. Figure 2.18). It is also below the frequency
noise of a typical NPRO laser and the ALS fiber amplifier (cf. Figure 4.52). The
power penalty for a 0.3 rad offset is ~ 4.5 %, which is a reasonable value as all power
stabilization scheme would require some actuation reserve.

5.9 Combining More Beams

Considering the shortcoming of available output power of individual fiber amplifiers,
to reach the required 200 W for Advanced Virgo, the combination of more than two
fiber amplifiers may have to be considered. As presented throughout the chapter,
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the setup shown in Figure 5.1 are compatible with Advanced Virgo, and may be
scaled to incorporate more fiber amplifiers.

Figure 5.19 shows a schematic diagram in which three fiber amplifiers are com-
bined. By using different phase modulation frequencies, in principle all the phase
locking may be done using a single fast photodiode. Moreover, if we consider the
frontal phase dithering scheme as presented in Section 3.6, it may be possible to
use only one EOM on which multiple phase modulation frequencies are applied
accordingly to the arm length difference between the interfering beams.

An additional path for the overall frequency/phase noise measurement of the
combined beam is also shown in Figure 5.19 for information. The additional fibered
beams, one from the laser source and one after the coherent beam combination, will
be useful for diagnostic purposes as well as the phase reference for the phase camera
in the Thermal Compensation System (TCS) of Advanced Virgo [177].
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Figure 5.19: A schematic diagram on the coherent beam combination with three
fiber amplifiers.
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Chapter 6

Conclusions and Perspectives

6.1 High-Power Fiber Amplifiers

The test results in Chapter 4 show that the master oscillator fiber power amplifier
(MOFPA) configuration can deliver stable low-noise output power of ~ 42W for a
timescale of months. As we have shown, in terms of noise performance, the system
complies with the requirements of Advanced Virgo.

What is not yet fully proven, is the attainable output power for stable operation
while maintaining the low-noise characteristics that we have measured. Although
the output power level of fiber amplifiers tested in this work does not meet the
expectation of the reference design shown in Figure 2.15, the long-term operation
capacity of fiber amplifiers justified in this work, which to our knowledge has not
been systematically reported, is nevertheless encouraging for their use in laser in-
terferometric GWDs.

In terms of research and development, as discussed in Section 2.3, in recent years
there have been extensive researches focused on the transverse mode instability and
photo-darkening which are the current limiting factors in the power-scaling of fiber
amplifiers. The solution-seeking process is still ongoing, and will hopefully provide
valuable results in view of more advanced fiber designs and the know-how in handling
critical fiber-optic components.

On the system level for their application in laser interferometric GWDs, in fu-
ture long-term monitoring tests of fiber amplifiers, one can consider introducing
additional probes to distinguish the effect of photo-darkening and the aging of criti-
cal fiber-optic components. This may be done, for example, by the co-injection of a
laser beam with a visible wavelength into the fiber amplifier. The possible advantage
is two-fold. First, it has been shown that the rate of photo-darkening is higher to-
wards shorter wavelengths [104, 106]. Therefore, the co-injected visible light serves
as a more sensitive probe for the 1064 nm wavelength of interest. Second, it has
been reported that the co-injection of visible light suppresses the photo-darkening
induced losses [178, 179], and such photo-bleaching effect has also been reported by
the exposure to ultraviolet light [106].

On the other hand, probes may also be introduced at the combiner level (tapered
fiber bundle) where the signal beam and the pump beam(s) are brought together to
assess component aging effects.
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The introduction of either additional probe will thus bring more insight in future
long-term tests of fiber amplifiers and lead to a better planning for their use in laser
interferometric GWDs.

A minor consideration lies in the actuation path for laser power stabilization. As
Equation 4.6 suggests, the corner frequency is dependent on amplifier configuration,
notably the seed signal power and the pump power. If the existing know-how in
laser power stabilization for the Virgo GWD based on shunting the pump current
is to be implemented in Advanced Virgo, it may be useful to include the corner
frequency into consideration in defining the MOFPA configuration.

6.2 Coherent Beam Combination

In Chapter 5 we show that, if single-frequency single-mode laser beams are used,
the coherent beam combination technique itself is fully compatible with Advanced
Virgo. The technique is arbitrarily scalable, but at the cost of increased system
complexity. Also, considering the finite rate of failure per amplifier, it may not be
wise to have a large number of amplifiers when continuous uninterrupted operation
is desired.

Taking these considerations into account and also the currently attainable out-
put power of fiber amplifiers, 3 to 4 should be reasonable limit for the final system
for Advanced Virgo. This then implies the need of fiber amplifiers with minimum
output power level of 50 W to 70 W. Fiber amplifiers with ~ 100 W are still cer-
tainly a strong plus, but may be unrealistic when the project time line is also to be
considered.

6.3 Besides High-Power Laser

Higher laser power is not the only mean to advance the quantum limit in detector
sensitivity. Moreover, radiation pressure noise at the test mass mirrors scales with
impinging laser power, higher laser power also means that heavier test masses have
to be used to achieve an overall gain in the standard quantum limit (SQL) [30, 37,
38]. The extreme high intra cavity power also induces parametric instabilities in the
resonant cavities [180-183], as is observed in Advanced LIGO [184];

As mentioned in the beginning of Chapter 2, the use of squeezed light can also
improve the sensitivity of laser interferometric GWDs. Up to 3.7dB sensitivity
improvement has been demonstrated with the GEO-HF project [39, 185, 186], and
up to 2.15dB with the LIGO project [187]. Among other factors, the improvement
with squeezed light is inversely proportional to optical losses. For example, a 10 %
total loss will limit the improvement by a maximum of 10dB. For Advanced LIGO,
the estimated total loss is 20 % to 32 %, which equates maximum squeezing of 5 dB to
7dB, and the projected total loss after a future effort on loss reduction is 9 % to 17 %,
inferring 8 dB to 10 dB maximum squeezing [188]. A 10dB squeezing is equivalent
to the increase in optical power by a factor 10, and is therefore a powerful technique
in advancing further the detection limit of laser interferometric GWDs.
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If we take a closer look at Figure 1.5, we see that the Brownian noise of the
mirror coating dominates in the mid frequency range. Therefore, the development
of better mirror coating technologies should be born in mind in addition to the
improvements in the standard quantum limit.

Last, a different interferometer configuration, the Sagnac speed meter, which has
better SQL detection sensitivity at low frequencies, has also been proposed [189].

6.4 Beyond Advanced Gravitational Wave Detec-
tors

The construction of the two Advanced LIGO detectors was completed in March,
2015, and the first observing run has recently started on September 18th, 2015,
marking the start of the second generation of the search of gravitational waves,
almost a century since the prediction of their existence by Einstein in 1916.

Meanwhile, the construction of Advanced Virgo is underway, and expected to be
completed in 2016. The launch of LISA Pathfinder!, whose objective is to test the
technologies for the eLISA? project, is scheduled in late 2015. All these scientific
efforts will bring valuable experimental data to fundamental physics, and hopefully
open up a new window to the Universe.

If the detection of gravitational wave would be possible with the first-generation
interferometers, and probable with the second-generation, advanced, interferome-
ters?, it is natural to wonder what the objective for future gravitational wave projects
would be.

A design study of future generation gravitational wave detectors based on cur-
rently proven technologies suggests an optimal baseline of 40 km with which the
detection of gravitational waves may be extended to cosmological distances [190].
On the other hand, it has also been evaluated that the detection sensitivity of current
advanced detectors may be doubled by reducing the limiting noise sources [191].

As shown in Figure 1.3, Einstein Telescope (ET), a third-generation GWD fea-
turing 10 km baselines has been proposed and its design well studied [192] with more
than an order of magnitude of improvement in detection sensitivity. The design of
ET calls for 500 W of laser power [192] at the input, which is 4 times that of the
advanced detectors.

The development of ultra-stable high-power single frequency lasers will therefore
always be appealed to in the quest of higher and higher sensitivity in precision
interferometry, among which the search of gravitational waves, and eventually the
gravitational wave astronomy, are the most intriguing applications.

The accidental discovery of the cosmic wave background (CWB) led to the Nobel
Prize in Physics in 1978 to Arno A. Penzias and Robert W. Wilson [193] and the
portrait of the young Universe at ~ 380000yt after the Big Bang*, which was

http://sci.esa.int/lisa-pathfinder/

2Evolved Laser Interferometer Space Antenna

3Physics: Wave of the future, Nature 511, 278-81 (17 July 2014) doi:10.1038/511278a
‘http://sci.esa.int/planck/53103-planck-cosmology/
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the time when the first light emerged. So, even with infinite vision in terms of
electromagnetic waves, we see as far as ~ 380000 yr after the Big Bang.

Also, the lambda cold dark matter (A-CDM) cosmological model together with
the recent results of the Planck mission suggests the following cosmic recipe®: 4.9 %
ordinary matter, 26.8 % dark matter, 68.3 % dark energy. That is to say, even with
infinite vision in electromagnetic waves, we see at most 4.9 % of the Universe.

The rest, in time and in space, remains as known unknowns — or unknown
unknowns — that will hopefully be partially unveiled with the gravitational wave
hearing of laser interferometers.

Shttp://sci.esa.int/planck/51557-planck-new-cosmic-recipe/
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