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Chapter 1

Introduction

Since the first demonstration of laser oscillation in 19601), there has been remarkable progress in de-
velopment of lasers, such as advent of high-power diode lasers with excellent beam quality and long
lifetime, short-pulse lasers with high peak power, which are applicable for investigation of non-linear
effects, and a variety of fiber lasers, which have the advantages of flexibility and compactness. The
coherence property of laser beams has promoted development in the field of solid-state physics, astro-
physics, remote communications, medical treatment and industrial processing.

This work is aiming for producing a high-power, continuous-wave radiation at a single frequency
with a Nd:YAG laser system, which will be used in a Japanese gravitational wave detection project.
Although extensive studies on lasers have been made to date, it is still challenging to build a single-
frequency light source required for interferometric detectors. This is because interaction of gravitational
waves with matter is so weak that an extremely high-performance laser is required for detectors to
reveal its small effects.

Scaling the output power of lasers without degradation of beam quality is the key to building a
laser for gravitational wave detectors. In this work, injection locking is the essential technique to
scale the output power to 100 W while retaining good beam quality and single frequency property.
Detailed description of the construction process of a 100-W, single-frequency laser is given in this
thesis, including the theoretical models on which it is based.

In Chapter 1, I will introduce the background of this work and describe the Japanese gravitational
wave detection project in which I am involved. In Chapter 2, development of a slave laser for injection
locking will be presented. Building high-power lasers is often hindered by degradation of beam quality
caused by thermal birefringence and thermal lensing. The results of characterization of the slave laser
output will be given in this chapter. In Chapter 3, description of an injection locking system will be
given. I have succeeded in generating a 100-W, single-frequency output through injection locking.
In Chapter 4, the frequency stabilization experiment of an injection-locked laser will be described.
In this chapter, I will discuss the frequency performance of the injection-locked laser. Finally, I will
summarize the development of a high-power laser system in Chapter 5. Examination of problems to be
solved in the future will be given in this chapter.

The first section in each chapter will give theoretical background of techniques which were used
in the described experiments. Additional discussions concerning the possible light sources for gravita-
tional wave detectors and formulas of interferometer sensitivity are given in the Appendix.
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2 CHAPTER 1. INTRODUCTION

1.1 Gravitational wave detection

Detecting a gravitational wave is one of the most exciting topics in physics. A gravitational wave is a
small ripple of spacetime, which appears as small displacement of distance2, 3). If a gravitational wave
reaches a detector, the proper distance in one direction shrinks, while it expands in the orthogonal direc-
tion; in other words, a gravitational wave is quadrupole radiation and changes the metric of spacetime
in a differential manner in the orthogonal directions. A theoretical model predicts that there are two
independent polarization states for a gravitational wave, as shown in Figure 1.1: the cross mode and
plus mode, which are rotated by 45◦ relative to each other.

Gravitational waves are emitted when a mass accelerates, which is analogous to the radiation of
electromagnetic waves from an accelerated charged particle. The amplitude of a gravitational wave
is evaluated as a strain h = δl/l, where δl is the displacement caused by a gravitational wave and
l is the length which we are monitoring. The root-mean-square (rms) amplitude of a gravitational
wave from a neutron binary system at 200 Mpc∗ is estimated to be in the order of h = 10−21, or
equivalently a 10−9 nm displacement to 1-km length; this estimation shows that a gravitational wave
causes an extremely small effect. Thus, radiation of gravitational waves with practically observable
amplitude on the earth can be expected only from violent astronomical phenomena, such as super
novae or coalescence of neutron binary stars.

The existence of a gravitational wave was indirectly proved by observing change in the orbital
period of the binary pulsar PSR1913+164, 5), which was in good agreement with a theoretical prediction
using the assumption that energy was dissipated by gravitational radiation.

However, despite all efforts to detect a gravitational wave throughout the world, no gravitational
wave has been directly detected. This is due to the sensitivity of currently operating detectors being
limited by noises at sensitivity levels above the expected signal levels of a gravitational wave, and
thus the analysis of experimental data collected with the detectors cannot conclude without ambiguity
whether there is no gravitational wave radiation reaching the detector or the gravitational wave signal
was just concealed by noise.

The detection of gravitational waves is expected to open a new channel to look at the universe
because it conveys to us totally new information concerning astronomical events, which has not been
accessed by conventional methods of observing through electromagnetic waves. Detection of gravita-
tional waves will lead to the beginning of gravitational wave astronomy.

Since it is possible to determine the position of a radiation source only when more than three
detectors detect a gravitational wave, it is preferable that there are many detectors of the same sensitivity
widespread over the world.

1.2 Gravitational wave detectors

In order to detect tiny displacements caused by gravitational waves, two approaches are suggested and
investigated: one is a resonant bar detector, which uses elastic oscillation of a massive metal rod or
sphere; the other is a large-scale Michelson interferometer, which monitors the arm length and will
capture a gravitational wave as perturbation to the arm length.

∗1 pc is a distance equal to 3.26 light year.
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Figure 1.1: Polarization states of a gravitational wave. Filled circles show masses free from any ex-
ternal force except those exerted by a gravitational wave. If a gravitational wave is incident from the z
direction, the proper distance between the masses changes as shown in this figure. φ is the phase of the
incident gravitational wave.

　

1.2.1 Bar detectors

Detection of a gravitational wave using a resonant bar was first suggested as early as 1960s. The
sensitivity of a resonant bar detector, for instance, has been improved to the level of 4 × 10−22 Hz−1/2

over a bandwidth of 2 Hz6); although the bandwidth is limited, the sensitivity is comparable to those of
interferometric detectors.

A bar detector consists of a massive aluminum alloy (∼ a few ton) with a high Q value (on the order
of 106 or higher) and transducers to transform the vibration of the mass caused by a gravitational wave
into an electrical signal. A gravitational wave excites one of the vibrational modes of the resonant bar
if the frequency falls within the detector bandwidth. Since the high sensitivity of the detector is limited
within a few hertz bandwidth in the range of a few kilo-hertz,† the target source of the gravitational
wave radiation is limited to those which match the resonant frequency.

Several schemes are taken to improve the sensitivity; first, the mass is suspended and isolated from
seismic noise. Second, thermal noise is reduced by cooling down to a cryogenic temperature. Also
efforts are devoted to improve transducers, for instance, by using double-stage SQUID amplifiers.

1.2.2 Interferometric gravitational wave detectors

The other way to detect a gravitational wave is a large-scale Michelson interferometer. A schematic
view of an interferometric detector is shown in Figure 1.2. The light from the laser is split by a beam-
splitter and two separated beams travel along each arm, then reflected back by the mirror and combined
again at the beamsplitter. If a gravitational wave arrives, the optical path length of the arms is changed
in the opposite sign to each other, thus a gravitational wave signal appears in the interference pattern

†This bandwidth is mainly determined by amplifier noise, not by the resonance itself.
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Figure 1.2: Schematic view of a Michelson interferometer as a gravitational wave detector. Mirrors are
suspended to isolate from the ground vibration and act as a free mass above the resonant frequency of
the pendulum.

　

and can be detected at the output port of the Michelson interferometer.
As indicated in Figure 1.2, each mirror is suspended by a pendulum to act as a free mass‡ above

the resonant frequency of the suspension system. A typical resonant frequency of a suspension system
is a few hertz. Since lower resonant frequency can extend the frequency region over which the mass
can act as a free mass, various attempts have been made to pull down the resonant frequency to several
hundred milli-hertz7, 8).

In detecting a gravitational wave with an interferometric detector, the sensitivity is limited by the
following noises:

• Seismic noise

• Thermal noise of mirrors

• Thermal noise of suspensions

• Shot noise

• Radiation pressure noise

Although a suspension system functions as an isolator of seismic noise, the vibration noise from sur-
rounding environment can be detected by the interferometer due to the high sensitivity. Thermally
excited vibration of mirrors and suspensions also limits the sensitivity. Since the thermal noise is deter-
mined by mechanical loss of mirrors or suspensions, a material with high Q, such as sapphire or fused
silica, is used for the interferometer components.

‡“Free mass” means that there is no force to swing the mirror except for a gravitational wave.
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When seismic noise and thermal noise are suppressed, next comes the theoretical limit given by
shot noise and radiation pressure noise. These noises are originated from the particle nature of photons
and brought by the optical signal itself; hence, it cannot be eliminated by any means. Since the optical
power of lasers in current gravitational wave detectors is not high enough to disclose the effect of the
radiation pressure, our concern is mainly focused on shot noise for improving the sensitivity.

The shot noise in a simple Michelson interferometer§ can be evaluated according to the formula3)

δφmin =

√
2e

Pmax

1
sin(Φ0/2)

, (1.1)

where δφmin is the minimum detectable phase fluctuation determined by the shot noise, e is the elemen-
tary charge, Pmax is the maximum power at the output port on the constructive interference condition
and Φ0 is the phase at the operating point of the interferometer. According to Equation (1.1), the de-
tectable phase fluctuation is minimized for a condition of Φ0 = π. Under this condition, the lights
combined at the beamsplitter destructively interfere: hence it is referred to as the dark fringe condition.
Because of the requirement to minimize the shot noise, all interferometric detectors are operated on the
dark fringe condition.

1.3 Gravitational wave detection projects

Several research groups are attempting to realize the first detection of a gravitational wave using the
interferometric scheme. Table 1.1 lists all interferometric gravitational wave detectors built in the
world.

Project name Country(ies) Interferometer configuration Arm length

TAMA Japan PRFPM 300 m
LIGO U.S.A. PRFPM 2km, 4km×2
VIRGO France - Italy PRFPM 3km
GEO 600 Germany - U.K. Dual recycling 1.2 km
LCGT Japan PRFPM + RSE 3km ×2
Advanced LIGO U.S.A. PRFPM + D-RSE 4km

Table 1.1: Ground-based interferometric gravitational wave detectors in the world. The upper side
shows the current detectors and the lower two rows show future detectors. PRFPM: Power-recycled
Fabry-Perot Michelson interferometer, RSE: Resonant sideband extraction, D-RSE: Detuned RSE.

In the Japanese project, TAMA, is a 300-m-arm Michelson interferometer with power recycling
that has already been built and developed8, 9). Up to date, nine data-taking runs (DT1 - DT9) have been
done to collect experimental data searching for gravitational waves and to verify the performance of the
interferometer. Although there was no clear evidence for the detection of a gravitational wave in the
collected data, the TAMA interferometer was operated with sensitivity of h ∼ 2× 10−21 Hz−1/2,¶ which

§The shot noise for LCGT (a Fabry-Perot Michelson interferometer with resonant sideband extraction) is given in Ap-
pendix B. Although the configuration considered here is simple, the dark fringe condition is still valid for advanced interfer-
ometers.

¶Here, h is a linear spectral density of the strain.
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was sufficient to detect a gravitational wave from an event in our galaxy, or up to a distance of 72.8 kpc
with a signal-to-noise ratio (SNR) of 10 for a binary system with 1.4 solar mass. During DT6 and DT8,
TAMA achieved long-term observation of over 1000 hours. TAMA is now in the phase of hunting for
noise sources and improving the sensitivity, including new suspension system which is being installed
for better seismic isolation.

In the United States LIGO project, there are three interferometric detectors: two interferometers in
Hanford with baseline of 2 km and 4 km, and one interferometer with baseline of 4 km in Livingstone.
The latest experimental results10) show that the sensitivity of the 4-km interferometer in Hanford has
reached h = 5 × 10−23Hz−1/2 at 100 Hz, which is within the goal sensitivity of LIGO by a factor of
2. The observable distance is 7 Mpc with an SNR of 8. Currently the LIGO interferometer holds the
world record of the detector sensitivity.

A collaborative research project between the Italian and French groups is called the VIRGO project11, 12).
In this project, a power-recycled Fabry-Perot Michelson interferometer with 3-km arms has been built
and developed. Also, there is a joint project between Germany and the United Kingdom, named
GEO 60013, 14). GEO 600 is a Michelson interferometer with a dual recycling technique which uti-
lizes the signal recycling technique together with power recycling.

Future detectors projects, large-scale cryogenic gravitational wave telescope (LCGT)7, 15, 16) and
Advanced LIGO17), are improved versions of the current interferometers; next-generation interferom-
eters are the key to detecting the first gravitational wave, or even further, to achieving a wider range of
detection and revealing the details deep in the universe.

There are other projects aiming at gravitational wave detection in space; a European and American
joint project called Laser Interferometric Space Antenna (LISA) 18, 19) and the Japanese space detector
project called Deci-hertz Interferometer Gravitational Wave Observatory (DECIGO)20). Both of the
projects will launch space crafts equipped with optical components and form an interferometer in space
rotating in an orbit around the sun. Since there is no seismic motion in space, low frequency region, at
milli-hertz for LISA and deci-hertz for DECIGO, is the observation band. LISA plans to launch a test
satellite, named the LISA Pathfinder19), to investigate the feasibility of the technologies developed so
far. DECIGO is now in the stage of designing and planning.

1.4 The Japanese next-generation project: LCGT

As mentioned above, the LCGT project plans to build advanced interferometers to detect gravitational
waves. In the current design of LCGT, two power-recycled Fabry-Perot Michelson interferometers with
resonant sideband extraction (RSE)16, 21) will be constructed in a tunnel of the Kamioka mine. The
reason for building two detectors, not one, next to each other is to improve rejection of fake signals.

The Kamioka mine is located 37 km from the Sea of Japan. The interferometers will be built in a
tunnel which will be drilled specifically for the LCGT project at 358 m above the sea level and 1000 m
under the ground from the peak. Due to the hard, large mass of bedrock, the seismic motion is quiet
compared to the TAMA site by two orders of magnitude.

LCGT plans to use cryogenic optical components, which are cooled down to 20 K, to reduce the
thermal noise of the mirrors and the suspensions. A project, named cryogenic laser interferometer
observatory (CLIO)22), has built a Michelson interferometer with baseline of 100 m at the Kamioka
site and is verifying the feasibility of cooling mirrors and the effectiveness of thermal noise reduction.

Currently, LCGT is in the planning stage and applying for a budget to construct the interferometers.
Development and verification of the essential techniques for LCGT are ongoing.
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Figure 1.3: Schematic diagram of the interferometer in LCGT. The input optics consist of two mode
cleaners. The main interferometer is composed of a FP cavity in each arm, a power-recycling mirror
for power recycling and a signal-extraction mirror for resonant sideband extraction (RSE). MC; Mode
cleaner, PRM: Power recycling mirror, BS: Beamsplitter, FP cavity: Fabry-Perot cavity, PRC: Power-
recycling cavity, SEM: Signal extraction mirror, RSEC: RSE cavity, OMC: Output mode cleaner, PD:
photodetector.

　

1.4.1 Design of the LCGT interferometer

In this section, design of an LCGT interferometer is discussed. A schematic diagram and the specifica-
tions of the interferometer are shown in Figure 1.3 and in Table 1.2, respectively.

Laser

A high-power laser is one of essential factors to improve sensitivity of gravitational wave detectors.
LCGT requires a 150-W laser of good beam quality at a specific single frequency; details of the speci-
fications for the LCGT laser will be discussed later in Section 1.4.3.

The purpose of this work is to construct a laser which meets all requirements of LCGT. Nd:YAG
was chosen as the laser material, due to the preferable characteristics. Other possible light source for
LCGT is examined in Appendix A.
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Light source

Laser medium Nd:YAG
Wavelength 1064 nm
Output power 150 W
Frequency property Single frequency

Input optics

Overall power transmittance 50 %

1st mode cleaner (MC1)
Cavity length 10 m
Cavity Finesse 1700
Free spectral range 15 MHz
Cutoff frequency 4.5 kHz

2nd mode cleaner (MC2)
Cavity length 180 m
Cavity Finesse 1000
Free spectral range 833 kHz
Cutoff frequency 420 Hz

Main interferometer

Arm cavity length (L) 3 km
Arm cavity Finesse (F ) 1550
Power recycling gain (GPR) 11
Signal recycling gain (GSR) 15

Arm cavity mirrors

Substrate material Sapphire
Weight 30 kg
Temperature 20 K
Dimension 25 cm diameter, 15 cm thickness

Table 1.2: The specifications of LCGT16, 21).
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Input mode cleaners and an output mode cleaner

At the input optics in Figure 1.3, two optical ring cavities, called mode cleaners (MCs), are used to
make the input laser beam a perfect Gaussian mode. Each MC is located in vacuum and the mirrors
are independently suspended by inverted pendulums to isolate seismic motion. In addition to the mode
cleaning effect, the MCs function as stable frequency references for the stabilization of laser frequency.

Even after the two-stage mode cleaning, imperfection of the main interferometer causes distortion
of the wavefront, or equivalently, it generates higher-order Gaussian modes. Since these modes increase
the shot noise, another optical ring cavity, an output mode cleaner (OMC), is installed at the output
port of the interferometer to reject the higher-order modes16, 23). The OMC is designed to be a wide-
bandwidth cavity to pass the carrier, modulation sidebands and a gravitational wave signal.

Power recycling

Power recycling is a technique to increase the input power of the interferometer by reflecting the back-
ward light toward the laser source back into the main interferometer24). A power recycling cavity is
formed by a power recycling mirror (PRM) located before the beamsplitter and the compound mirror
of the Fabry-Perot cavity. In operation of an interferometer with power recycling, the power recycling
cavity is kept in resonance with the carrier component of the optical field, which leads to increase of
the effective power of the incident light.

Power recycling can be characterized by a parameter of the power recycling gain, GPR. GPR can
be tuned by changing the reflection ratio of the power recycling mirror. In LCGT, the expected power
recycling gain is 11, and thus the effective power in the interferometer can be increased by the factor
of 11.

Resonant sideband extraction (RSE)

RSE is a technique to extract a gravitational wave signal by controlling an RSE mirror (SEM) located
at the dark port of the interferometer16, 25–28). The RSE cavity is formed by the RSE mirror and the
compound mirror of the Fabry-Perot cavity.

Since a gravitational wave signal will be canceled if it is stored in the Fabry-Perot cavity longer than
the half cycle of the frequency of the gravitational wave, the finesse of the Fabry-Perot cavity cannot
be high. The RSE technique mitigates the limitation of the finesse by extracting the gravitational wave
signal before it is cancelled in the Fabry-Perot cavity. As a consequence, the signal bandwidth can be
effectively increased by a factor of the signal recycling gain, GSR.

The finesse of an arm cavity can be increased by using RSE when compared to an interferometer of
the same sensitivity without RSE. Thus, more power can be stored in the arm cavity while reducing the
optical power at the beamsplitter, which allows reduced power transmitting through the front mirrors
and reduced thermal load due to absorption. Consequently, heat to be removed in order to keep the
cryogenic temperature can be reduced in LCGT.

Results from several studies indicate that the sensitivity of an interferometer can be improved to
even below the theoretical limit of the Standard Quantum Limit (SQL) at a narrow frequency bandwidth
by detuning the RSE cavity26, 28). This technique is to be introduced in LIGO project’s next-generation
interferometer.
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Suspension point interferometer

An active vibration isolation system, named suspension point interferometer (SPI), will be installed in
LCGT. The SPI is an auxiliary interferometer formed by intermediate masses of the suspension system.
By phase locking the SPI to a laser, the SPI cavity acts as if it were a rigid bar suspending the main
interferometer. As a consequence, differential motion caused by seismic noise can be suppressed by
the virtual rigid bar. Feasibility of the SPI technique was verified by Aso29) using a prototype system
with results that showed the isolation ratio for the final mass of the two-stage suspension was improved
by a factor of 100 (40 dB) below 1 Hz.

1.4.2 Sensitivity of LCGT

The goal of LCGT is to detect a gravitational wave from the coalescence of a binary system of neutron
stars at 200 Mpc with an SNR of 1030). The required sensitivity to detect the target gravitational
radiation is htarget = 3 × 10−24 Hz−1/2 at 100 Hz and the limitations due to noises should be well below
this level.

The designed sensitivity of LCGT is shown in Figure 1.4. Formulas to calculate the sensitivity of
LCGT is summarized in Appendix B. The observation frequency band is from several tens of hertz
to 1 kHz, in which the sensitivity remains in the order of h = 10−24 Hz−1/2. Due to the cryogenic
system introduced in the interferometer, the thermal noise will be reduced below other noises, limiting
sensitivity of LCGT only by the quantum noise at the frequency region of our interest.

1.4.3 Specifications of the LCGT laser

In order to achieve the designed sensitivity of LCGT, the light source should fulfill the specifications‖
as follows:

• Continuous wave with an output power of 150 W

• Single-frequency oscillation,

• No restriction on the absolute frequency, in principle (see Appendix A.1 for a discussion on the
wavelength)

• Spatial beam quality of diffraction limit (M2 < 1.2)

• Linearly polarized output

• Relative intensity stability (δP/P) of less than 10−8 Hz−1/2

• Frequency stability (δν) of less than 10−8 Hz Hz−1/2 relative to the frequency stability of the main
interferometer

‖These specifications depend on the actual performance of the MCs and the main interferometer, and the requirements
listed here are determined by empirical estimations based on experimental results of the TAMA project and the other inter-
ferometric detectors. Thus, there is a possibility that the requirements are relaxed if the interferometer performance is found
to be superior to the current detectors, as well as a possibility that they might get even severer.
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Figure 1.4: Expected sensitivity of LCGT. This plot is based on the calculation performed by
Yamamoto30). The uppermost noise determines the sensitivity at each frequency band. In LCGT,
the total sensitivity is limited by the seismic noise (below 7 Hz), the radiation pressure noise (from 7
Hz to 70 Hz) and the shot noise (above 70 Hz).

　

Output power

LCGT will be operated with quantum noise-limited sensitivity at observation frequency. Since the shot
noise and the radiation pressure noise is dependent on the output power, the output power of the laser
and the power recycling gain GPR determine the overall sensitivity.

If the incident power into an interferometer increases, the recoil force against a cavity mirror exerted
by the quanta will be reinforced, while the relative phase fluctuation between the coherent quanta will
become faint due to the larger number of photons. An increased output power of the laser will therefore
increase the radiation pressure noise while decreasing the shot noise.

For the LCGT configuration, the shot noise is dominant in the observation frequency; the shot noise
calculated from Equation (B.13) is

hshot = 2.4 × 10−24
[
Hz−1/2

] (
75 W

P

)1/2
√

1 +

(
f

240 Hz

)2

(1.2)

where P is the laser power at the beamsplitter. According to Equation (1.2), the sensitivity of the LCGT
can reach the goal sensitivity of 3×10−24 Hz−1/2 if the incident laser power into the main interferometer
is 75 W.
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In practice, the laser power undergoes attenuation in the input optics. Assuming that the overall
transmittance of the optical power through the input optics is 50 %, the requirement of the output power
can be determined to be 150 W.

Beam quality

Spatial beam quality of a laser affects the contrast of an interferometer fringe; and thus the output mode
of the laser should be as close to a perfect Gaussian mode as possible. Since non-Gaussian components
of light are rejected by input mode cleaners, the effective power will become smaller if the output
spatial mode of the laser is distorted. The intensity suppression ratio of the higher-Gaussian modes by
a mode cleaner is calculated according to the formula:

S m,n =

⎡⎢⎢⎢⎢⎢⎣1 +
(
2F
π

sin
(
(m + n)(cos−1 g)

)
/2

)2⎤⎥⎥⎥⎥⎥⎦
−1

, (1.3)

where F is the finesse of the cavity, g = 1 − L/R is the geometric factor and (n,m) is the order of
an Hermite-Gaussian mode. The suppression ratio for the Hermite-Gaussian mode of 1st order in the
MC1∗∗ is S 10 = 60 dB (10−6) and thus sufficient for our purpose.

If the higher order modes fluctuate, the competition between the modes over the available power
will alter into intensity noise of the transmitted light through a mode cleaner. In order to compensate
for the effect, intensity should be stabilized after passing through a mode cleaner31, 32).

The index factor M2 is the conventional way to express spatial beam quality33, 34). The M2 of an
optical beam is defined by

M2 =
θacwac

θdfwdf
, (1.4)

where θac,wac are divergence angle and waist size of an actual beam and θdf ,wdf are the counterparts
of an equivalent ideal beam, or a diffraction-limited beam.

Let us consider propagation of a perfect Gaussian mode. The cross product of the beam divergence
and the waist size is determined only by the wavelength of the light35):

θ w =
4
π
λ ∼ λ, (1.5)

and thus the M2 value is always unity for an ideal Gaussian beam regardless of the divergence or the
beam diameter. However, a real beam is often distorted and diffracted due to, for instance, truncation
by an aperture or transmission through a non-uniform gain; thus the M2 of an actual beam is in general
larger than unity.

Although no theoretical model has been established which can predict how much power is trans-
ferred to higher order modes at a specific M2 value, the conventional and somehow arbitrary criterion
of the spatial quality is that a laser beam with an M2 less than 1.2 has a good beam profile.

∗∗Here, R = 15 m was assumed.
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Intensity stability

In an ideal Michelson interferometer operated on a dark fringe, intensity noise of the laser source
shouldn’t appear at the output port because common-mode noise will be eliminated due to the destruc-
tive interference. However, in a real interferometer, there should exist asymmetry of storage time or
finesse and thus the common-mode noise leaks to the output port as if it were differential noise. If the
leakage of the common-mode noise is large enough to simulate a gravitational wave signal, there is no
distinguishing between a real gravitational wave and the leaked common-mode noise.

Assuming an interferometer with a power-fluctuating laser source (P(t) = P0 + δP), the electrical
signal e at the output port is

e/ηP0 = −J1(m)

(
sinΦ0

δP
P0
+ δφ(ω) cosΦ0

)
+
δP
P0

((
1 + J0(m) cosΦ0

)
sinωmt

)
, (1.6)

where η is a coefficient to transform the detected power at the output port into an electrical signal,
Φ0 is the phase of the operating point (∼ π), δφ(ω) is the phase modulation caused by a gravitational
wave, J0, J1 is the first-kind Bessel function of zeroth and first order, respectively, m is the modulation
depth of the phase modulation of the light†† and ωm is the modulation frequency. The frequency ω of
a gravitational signal is in the order of several hundred hertz, and the typical modulation frequency is
tens of megahertz. The modulation depth m is much smaller than unity, and hence the Bessel functions
can be approximated to be J0(m) ∼ 1 and J1(m) ∼ m/2.

If we assume conditions of Φ0 = π, δP = 0, Equation (1.6) yields a signal just proportional to the
phase correction δφ of the gravitational wave and thus the detection of the gravitational wave signal
can be achieved.

However, if there is phase fluctuation ΔΦ around the operating point Φ0, the first term of the right
side of Equation (1.6) indicates that the intensity noise of the laser will be coupled with the fluctuation
and cannot be distinguished with the gravitational wave signal:

δφint =
δP
P0
ΔΦ0, (1.7)

where δφint is the equivalent phase fluctuation caused by the intensity noise. Therefore, tight feedback
control with a high gain is needed to suppress the phase fluctuation ΔΦ0 to remove the spurious effect
of the intensity fluctuation.

An expected residual rms fluctuation of the arm length ΔLrms in the LCGT main interferometer is
ΔLrms = 1 × 10−13 m, which is estimated according to an experimental result of TAMA. In that case,
the sensitivity limited by the intensity noise hint can be estimated by

hint =
δP
P0

ΔLrms

L

[
Hz−1/2

]
, (1.8)

where L is the length of the arm cavity. Taking account of a safety factor of Fsafety = 1/10, the
requirement of the relative intensity noise δP/P0 of LCGT can be determined by comparing the target
gravitational wave of htarget = 3 × 10−24 Hz−1/2 as follows:

δP
P0
< Fsafety htarget

(
ΔLrms

L

)−1

= 0.9 × 10−8
[
Hz−1/2

]
. (1.9)

††Since an interferometric gravitational wave detector is operated on the dark fringe condition, the signal of a gravitational
wave is of the second order and thus cannot be extracted without modulation.
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Thus, the requirement for the LCGT laser is in the order of 10−8Hz−1/2.
The second term on the right side of Equation (1.6) shows the contribution of fluctuation at the

modulation frequency (ωm) to the output signal e(ω). If the power fluctuation δP has a frequency
component of δP̃ sin

(
(ω + ωm) t + φ

)
, the power fluctuation at the modulation frequency will be down

converted to the observation frequency band and appear as a spurious signal of

e ∝ δP̃ (
1 + J0(m)

)
cos(ωt + φ), (1.10)

which cannot be distinguished from a gravitational wave signal with the frequency ω. The intensity
noise at modulation frequency should therefore be limited by the shot noise, which is the theoretical
limit of the system.

Frequency stability

For the same reason as the intensity noise, the frequency fluctuation of the laser is coupled with the
asymmetry of an interferometer and simulates a gravitational signal even though it is a common-mode
noise. The frequency stability requirement for the LCGT laser can be estimated by the following
relation:

δν

ν
=

Hsignal

Hnoise
htarget , (1.11)

where Hsignal is the transfer function of a gravitational signal to the output of the interferometer and
Hnoise is the transfer function of the frequency noise to the output of the interferometer. In the LCGT
geometry (PRFPM+RSE), the transfer functions can be approximated by

Hsignal

Hnoise
∼ 1
ε

fcavity

fPR

1 + i( f / fPR)
1 + i ( f / fRSE)

, (1.12)

where ε is the common-mode rejection ratio of the interferometer, fcavity is the cut-off frequency of the
arm cavity, fPR is the cuf-off frequency of the power recycling cavity (∼ 20 Hz) and fRSE = GSR× fcavity

is the bandwidth of the RSE with the recycling gain of GSR. With an empirical prediction of the
common-mode rejection ratio of ε = 100, substituting the parameters of LCGT (see Table 1.2) and
the target sensitivity htarget = 3 × 10−24 Hz−1/2 into Equation (1.12) yields the frequency stability
requirement at 100 Hz as follows:

δν ∼ 3.4 × 10−8
[
Hz Hz−1/2

]
(1.13)

where a safety factor of 10 was taken into account. According to the result, the frequency stability
should be in the order of 10−8 Hz Hz−1/2.

In order to achieve the frequency stability required for LCGT, a multi-stage frequency stabilization
technique is proposed16, 36–38). The laser is first phase locked to the MC1 and the error signal is fed
back to frequency actuators of the laser system; the laser frequency is stabilized with the MC1 as a
frequency reference. Then, the transmitted light through the MC1 will be, again, phase locked to the
MC2, which has better frequency stability. The error signal with respect to the MC2 is fed back to
a frequency actuator of the MC1 at low frequency region (up to 1kHz), and is injected into the MC1
feedback loop at the error signal point in the higher frequency region. A similar procedure is taken
for the main interferometer; the error signal in the lower frequency region is fed back to a frequency



1.4. THE JAPANESE NEXT-GENERATION PROJECT: LCGT 15

actuator of the MC2 while also fed back to the error signal point of the MC2 feedback loop in the
higher frequency.

Since the laser is phase locked to the main interferometer and the differential motion of the in-
terferometer arms is the signal which we need to detect, the absolute frequency of the laser is not a
significant factor. Also, the final goal of the frequency stability should be measured relative to the
frequency stability of the main interferometer.

1.4.4 Key techniques for the LCGT laser

It is not easy to answer the question how to construct a laser which fulfills all the requirements afore-
mentioned. Since thermal problems in laser medium will become more serious as pumping power
increases, it would not be a solution just to pump a laser medium harder or add other active laser
materials in the cavity; these efforts for high-power, single-frequency oscillation would end in vain.

In developing a laser system for LCGT in this work, two techniques are the key to scaling the
output power at a single frequency: One is master-oscillator power-amplifier (MOPA) and the other is
injection locking39).
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Figure 1.5: Schematic illustration of MOPA in a double-pass configuration (left) and injection locking
with two active laser media (right). PBS: Polarizing beamsplitter, λ/4: Quarter wave plate.

　

MOPA

MOPA uses optical amplifiers to increase master laser power and is a rather simple way to scale up the
output power of a laser at a single frequency. However, the simple geometry, in turn, raise problems of
wavefront distortion and amplified spontaneous emission (ASE) during the amplification process.

Wavefront distortion is caused by either non-uniform distribution of gain or a mode mismatch
between amplifier and master laser. Since degradation of beam quality results in reduction of the
effective laser power, compensation of these effects is essential. There are two possible methods to
restore distorted wavefront; one is adaptive optics with a deformable mirror; the other is to use a phase
conjugate mirror. These devices might be used for the LCGT laser if wavefront distortion is the primary
factor to improve the laser performance.



16 CHAPTER 1. INTRODUCTION

Even when uniformity of the pumping profile might be perfect, there is an unavoidable effect of
thermally induced birefringence, which causes depolarization in a transmitted light. Compensation of
the depolarization is also indispensable.

Excess gain in an active medium, which is not consumed in amplification, contributes to ASE.
Degradation of beam quality due to ASE becomes more evident for the case of power amplification with
high gain, in which spontaneously emitted light can easily be amplified to the power level comparable
to the master laser. Or even less desirable, the ASE can cause self-sustained oscillation, called parasitic
oscillation, which limits the usefulness of MOPA in an unsaturated configuration.

ASE can be reduced by operating an amplifier with a strong optical field focused in the medium,
called saturated amplification. The saturation of an amplifier gain can be expressed by40)

g(I) =
g0

1 + I/Isat
, (1.14)

where g0 is the unsaturated gain, I is the light power per unit area in the laser medium and Isat is the
saturation power density. In amplification with a highly saturated gain, the master light no longer grows
exponentially as the unsaturated amplification does, but the active medium adds the power to the master
field efficiently. In this sense, saturated amplification can be considered to be a power addition process
rather than power multiplication.

Injection locking

Injection locking is a technique to operate a high-power slave laser at a single frequency by injecting
a stable, single-frequency master laser. In contrast to the MOPA technique, the spatial mode of the
injection-locked output is selected by the slave laser cavity. Thus, an output of a good beam profile of
diffraction limit can be achieved through this technique.

The frequency bandwidth over which a slave laser is kept injection-locked is called the locking
range, which can predict the maximum drift of frequency difference between master and slave laser.
The full width of the locking range can be estimated by the formula:

Δνlock = 2 δνslave

√
Pmaster

Pslave
, (1.15)

where δνslave is the linewidth of the slave cavity, Pmaster, Pslave are the output power of the master laser
and the slave laser, respectively. According to Equation (1.15), the locking range depends on the power
ratio between the master and the slave laser; therefore, it is difficult to control a high-power slave laser
with a master laser of small output power. The lower limit of the power ratio Pmaster/Pslave is not
obvious; and the current reported ratios range from from 1/1441) to 1/22242).

Further discussion of injection locking is given in Section 3.1.

1.4.5 Design of the LCGT laser

I designed a Nd:YAG laser system for LCGT, which uses two-stage power amplification, as shown
in Figure 1.6. In the first amplification stage, injection locking is used to generate a single-frequency
output with an output power of 100 W; then, the injection-locked laser is amplified to the required
output power of 150 W in the second amplification stage.

The frequency of the laser system is stabilized by locking to a reference frequency37, 38, 43) using the
Pound-Drever-Hall technique44); the control loop for the frequency stabilization is shown in the upper
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Figure 1.6: Design of the LCGT laser. EOM: Electro-optic modulator, OSC: Electrical oscillator, PZT:
Piezo-electrical transducer. The triangle denotes a feedback servo filter with a transfer function of G.

　

broken line in the diagram. The feedback signal is applied to the master laser of the injection locking
and the MOPA, which controls the overall frequency characteristics of the system. The frequency of
the master laser is actuated by a piezo-electric transducer (PZT) and a temperature controller, which
are built-in functions of the master laser. An external electro-optic modulator (EOM) is used to extend
the bandwidth of the feedback servo to a few megahertz45, 46).

The intensity fluctuation of the laser output is suppressed by controlling the amplification ratio of
the MOPA system. A fraction of the transmitted light through a mode cleaner is picked off and the AC
signal of the intensity fluctuation is amplified and negatively fed back to the amplifiers.

Together with direct current modulation, shunting of the injected current into the pumping diode
of the laser head is used to control the amplification ratio47). With this technique, intensity noise
suppression of a 10-W laser to 10−8 Hz−1/2 was reported48). Since the power fluctuation to be stabilized
in this work is higher than the previous experiment, the feasibility of the current shunting technique of
this power level has not been proven yet.

Another possible method to control the intensity is to use an external acousto-optic modulator
(AOM) or an electro-optic modulator (EOM), which have a wide control bandwidth. However, since
the laser power to be used in a future detector is on the order of 100 W, there is no crystal for these
devices that has such a high thermal fracture limit.

For the design shown in Figure 1.6, I took advantages of both injection locking and MOPA: injec-
tion locking is suitable to generate an output power of 100 W of excellent beam quality, while MOPA
can amplify the output to the required power just by adding amplifiers to the system; the simplicity and
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Figure 1.7: Optical layout of the experiment in this work. PO: Pick-off mirror.
　

scalability is the merit of MOPA. The degradation of the beam quality by ASE and parasitic oscillation
can be reduced in the saturated amplifier configuration; therefore, injection locking is used as a pream-
plifier to produce a clean mode, and MOPA is used to scale the output power to the required level of
150 W (or possibly even further).

An additional advantage of the design is that I can separate the issues of intensity stabilization and
frequency stabilization; that is, the frequency of the laser system can be controlled by only adjusting
the master laser of the injection locking, while the intensity fluctuation can be suppressed only by
controlling the amplifier in the MOPA. Thus, there is no need to consider the controllability of intensity
of the injection-locked laser, nor is there need to consider the suppression of phase noise by means of
the amplifier length actuation; otherwise, for instance, the slave laser may unlock due to the intensity
modulation of the slave laser, which changes the thermal condition and the thermal lensing in the laser
medium. This advantage facilitates the control system and enhances the robustness of the system.

1.5 Goal of this work

Up to this point, specifications of the LCGT laser have been described. These specifications are im-
posed on the resultant performance of a stabilized laser and thus requirements for the laser in free
running are different.

Since the requirements to achieve at the final stage are dependent not only on the laser perfor-
mance, but also on the interferometer quality, detailed requirements for the unstabilized laser can not
be determined without the actual interferometer. The goal of this work is, therefore, determined on the
criterion whether the laser performance in free running is comparable to those in the current detectors.
This criterion also judges whether the techniques to improve the current lasers can be applied immedi-
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Project Laser Power Configuration

TAMA Nd:YAG (λ = 1064 nm) 10 W Injection-locked, end-pumped rod
LIGO Nd:YAG (λ = 1064 nm) 10 W Double-pass MOPA
VIRGO Nd:YVO4 (λ = 1064 nm) 20 W Injection-locked, end-pumped rod
GEO 600 Nd:YAG (λ = 1064 nm) 14 W Injection-locked, end-pumped rod

Table 1.3: Lasers in the current detectors.

ately to the laser constructed in this work. Performance of the TAMA, LIGO, VIRGO, GEO 600 lasers
is examined in Section 1.6.1.

The requirements for the free-running laser in this work are as follows:

• Continuous wave with an output power of 100 W

• Single-frequency oscillation

• Spatial beam quality of diffraction limit (M2 < 1.2)

• Linearly polarized output

• Intensity stability comparable to those of the current lasers: at the level of 10−5 Hz−1/2 without
intensity stabilization

• Frequency stability limited by the master laser for an unstabilized injection-locked laser

The overall optical layout of the experiments in this thesis is shown in Figure 1.7. If these specifications
are fulfilled, further improvements of the performance can be made by applying the same technique as
those used in the current detectors.

There is another purpose for this work: it is to evaluate the frequency controllability of a high-
power, injection-locked laser. Since no experiment on stabilization of such a high-power laser has been
reported, it is crucial to confirm to what extent frequency of a high-power laser can be controlled by
the same technique used for the current lasers.

1.6 Other high-power, single-frequency lasers

For reference, I will review high-power, cw, single-frequency, 1-μm lasers reported in this section.

1.6.1 Lasers in the current detectors

The lasers in the current gravitational wave detectors are summarized in Table 1.3.
The TAMA laser is a 10-W, injection-locked Nd:YAG laser at wavelength of 1064 nm, constructed

by SONY corporation49). The frequency of the laser is stabilized by a multi-stage stabilization tech-
nique in which an optical cavity and the main interferometer are used as stable frequency references37, 38, 50).
As a result, frequency stability of 10−6 Hz Hz−1/2 at 100 Hz relative to that of the main interferometer
has been achieved, satisfying the requirement for the TAMA interferometer.
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The intensity stability of the 10-W laser in the TAMA interferometer is on the order of 10−5 Hz−1/2

at 100 Hz without stabilization, and 3 × 10−8Hz−1/2 was achieved when the laser was stabilized with
an external intensity modulator37).

Recently, another 10-W, injection-locked Nd:YAG slab laser has been installed in TAMA, which
was developed by a research group at the University of Adelaide51–54). The slave laser consists of a
coplanar folded zigzag slab and diode laser arrays for side pumping and is injection locked to a 700-
mW master laser. Temperature of the slave laser is controlled by a conduction cooling system with
an air flow cooled heat sink. The intensity stability of the laser is on the level of 10−5 Hz−1/2 without
stabilization, limiting the frequency stability by the master laser.

The LIGO laser is using a MOPA scheme, which consists of a 700-mW master laser and double-
pass amplifiers with four end-pumped Nd:YAG rods32, 47, 48, 55). The intensity noise in free running is at
the level of 10−5 Hz−1/2 at 100 Hz and suppressed to 10−8 Hz−1/2 at an out-of-loop photodetector using
a premode cleaner and current actuators.

Advanced LIGO will use an end-pumped 180-W Nd:YAG rod laser, which has been proposed by a
research group at Laser Zentrum Hannover41).

An end-pumped Nd:YAG laser system is being used in GEO 60056, 57). The laser generates an
output power of 14 W with an M2 value of 1.1. The polarization is better than 1:49, and optical-optical
efficiency reaches 40 %.

The eigenfrequency fluctuations of the slave laser cavity is on the order of 104 Hz Hz−1/2 at 100 Hz,
falling at higher frequency. The intensity fluctuation of 10−6 Hz−1/2 in free running was stabilized to
approximately 10−7 Hz−1/2, measured at an out-of-loop detector.

Initially, an injection-locked, 10-W Nd:YAG laser was used in the VIRGO project58) which exhib-
ited the intensity stability of 10−5 Hz−1/2 at 100 Hz. An injection-locked Nd:YVO4 laser, which can
deliver an output power of 20 W at 1064 nm, has been replaced for the 10-W laser since 200212).

1.6.2 Historical aspect of the development of single-frequency lasers

In recent years, there has been progress in development of high-power, single-frequency lasers; Fig-
ure 1.8 shows a historical chart of the development for single-frequency lasers with an output power
over 10 W.

Although not shown in the chart, one of the most efficient and stable Nd:YAG lasers at a sin-
gle frequency is the non-planar ring oscillator (NPRO)59), which is now commercially available and
widely used in many laboratories. This laser makes use of Faraday rotation to enforce unidirectional
oscillation and exhibits excellent stability due to the monolithic structure. Currently, the end-pumping
configuration limits the maximum available power to 2 W60), which is strong enough for the use in
most experiments.

As shown in the chart, several groups have been developing single-frequency lasers with injection
locking41, 61–67) or MOPA68–71). It is noticeable that the output power of a single-frequency laser has
rapidly increased within the past few years, exceeding an output power of 100 W. At the end of 1980s,
flash lamp pumped lasers were taken over by diode laser pumped lasers72), increasing the output power
of pumping lasers to several hundred watts; therefore, reduced thermal load and low intrinsic noise of
the diode laser output enabled efficient and stable oscillation at a single frequency.
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1.7 Other frequency stabilization experiments

At the early stage of optical cavity frequency stabilization experiments, gas or dye lasers were used as
the laser sources73–75).

The first demonstration of frequency stabilization with a diode-pumped Nd:YAG laser to an optical
cavity was reported by Shoemaker43). Several groups have investigated the frequency spectrum of
stabilized diode-pumped Nd:YAG lasers37, 38, 45, 46, 76–81). The frequency stability in these experiments
is summarized in Figure 1.9. The frequency stability shown in the graph is the best value in each
experiment, and thus the frequency region for the best stability is different between experiments.

Nagano38) reported an experiment to stabilize the 10-W laser of TAMA to the main interferometer,
which achieved the lowest frequency fluctuation at an output power of 10 W. In the experiment, a two-
stage frequency stabilization technique was applied to the laser resulting in a frequency stability of
10−6 Hz Hz−1/2.
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Chapter 2

Development of a slave laser

The final goal of this work is to develop a 100-W, single-frequency laser of excellent beam quality.
Nd:YAG was chosen as the laser medium due to the intrinsic low noise of the laser output and prefer-
able characteristics of the host material. The achieved results so far are: (1) construction of the first
amplification stage of the LCGT laser with injection locking and (2) success in generating an output
power of 100 W at a single frequency with properties of a good spatial mode and linear polarization.
The following two chapters describe the construction process of the 100-W, injection-locked Nd:YAG
laser.

2.1 Theoretical background

Theoretical models of laser oscillation are given in texts34, 35, 39). I will review the models in this section.

2.1.1 Laser oscillation

Laser oscillation occurs through three processes: spontaneous emission, amplification by stimulated
emission and feedback by a laser cavity.

Spontaneous emission, stimulated emission and stimulated absorption can be expressed in a quantum-
mechanical model of energy transfer between two energy levels. In stimulated emission, other quanta
are added to the spontaneously emitted quanta coherently, or in an indistinguishable way from the
original quanta. Then, the identical quanta are reflected back by cavity mirrors and again undergoes
amplification by stimulated emission. This process occurs in the laser cavity repeatedly; as a conse-
quence, the light is infinitely amplified and laser oscillation results.

Once laser oscillation is achieved, the round-trip gain is clamped at the point where the gain and
the total internal loss are in balance, that is

g0

1 + Icirc/Isat
= δtotal. (2.1)

Here, g0 is the small signal gain, Icirc is the power density of the circulating light at the laser medium,
Isat is the saturation intensity and δtotal is the total internal loss.

25
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Linear cavity configuration

A linear cavity laser consists of two mirrors facing to each other and a laser medium placed between
the mirrors. The output power from a linear cavity laser is expressed in the form

Pout =

(
1 − R
1 + R

)
AIsat

(
2ηuηBPab

(δ − ln R)AIsat
− 1

)
,

= σS(Pin − Pth), (2.2)

where R is the reflectivity of the output coupler, δ is the internal loss excluding output coupling, A is
the cross section area of the laser medium, ηu is the quantum efficiency of the laser medium, ηB is the
beam overlap efficiency between the pumping profile and the resonator mode. In Equation (2.2), σS is
the slope efficiency and Pth is the threshold of the laser oscillation: σS is expressed by

σS =
2(1 − R)

(1 + R)(δ − ln R)
ηPηTηaηuηB,

≈ T
T + δ

ηPηTηaηuηB, (2.3)

where T is the transmittance of the output coupler (T + R ∼ 1), ηP is the pump source efficiency, ηT is
the radiation transfer efficiency, ηa is the efficiency of the absorption of useful pump radiation. Pth is
expressed in the form

Pth = (δ − ln R)
AIS

2ηPηTηaηuηB
, (2.4)

≈ (δ + T )
AIS

2ηPηTηaηuηB
. (2.5)

According to these relations, the slope efficiency and the threshold of laser oscillation are dependent
on the internal loss and the reflectivity of the output coupler. The optimum coupling coefficient is
estimated by the formula

Topt =
( √

2g0L/δ − 1
)
δ, (2.6)

where L is the length of the laser medium.
Previous experimental results have demonstrated that Equation (2.6) is valid to predict behavior of

laser oscillation82). However, Equation (2.6) is helpful only when the internal loss remains relatively at
a constant value; for instance, the equation is applicable to the case when radius of curvature of cavity
mirrors is large compared to cavity length.

As will be seen in Section 2.5.2, the internal loss of the laser cavity in this work changed drastically
according to the pumping power and thermal lensing. Thus, the behavior of the output power of the
laser couldn’t be predicted simply by Equation (2.2), but was rather complicated in increasing the
output power.

Ring cavity configuration

In order to injection lock a slave laser to a master laser, the injection port of the master laser and
the output port of injection locking should be separated; the slave laser should be constructed in a
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Figure 2.1: Linear cavity with length L and mirrors with radius of curvature Ri.
　

ring cavity configuration. In a free running state, a ring laser oscillates both in the counter-rotating
directions and the output power is extracted from the two output ports.

Circulating light in a ring cavity passes through the laser medium only once; thus, the model of a
linear cavity cannot simply be applied to a ring cavity. However, the ring cavity built in this work used
two laser modules of the same specification and the model of the linear cavity could be applied to the
design of the ring cavity.

A ring cavity laser has the advantage of hole-burning free oscillation, in principle, due to the travel-
ing wave configuration which eliminates spurious effects of gain competition and parasitic oscillation.

2.1.2 Stability condition of laser oscillation

The stability condition of a Fabry-Perot cavity (without a gain medium) can be expressed by the geo-
metric factor g as:

0 < g1g2 < 1, (2.7)

where gi = 1 − L/Ri, L is the cavity length and Ri is the radius of curvature of the cavity mirror35, 83).
If the condition is met, the internal field travels back and forth with little fraction of the field escaping
out of the cavity.

The actual configuration of the linear cavity laser built in this work is complicated, as the cavity
contains two thermal lens media in a cavity and the stability condition cannot be expressed in such a
simple way as that of a Fabry-Perot. Thus, I used the results of the analysis performed by Konno84)

in which the stability condition was numerically analyzed by modeling the laser cavity with ABCD
matrices.

2.1.3 Thermal distortion and compensation

When building a high-power laser, thermal lensing and thermal birefringence limit the maximum output
power available from a laser medium. Both of the effects become more and more serious as pumping
power increases further; thus, they should be compensated for with adequate methods so as to extract
as much power as possible from a laser medium.
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Figure 2.2: Independent polarization states in the cross section of a uniformly pumped rod.
　

Thermally induced bifocusing

Let us consider a uniformly pumped Nd:YAG rod which is cooled by coolant flow on the surface: this
is the case with the laser head used in this work. The Nd:YAG rod is cut in the (111)-direction, and I
estimate thermal effects accordingly.

Due to quantum defect and other heating processes, thermal load in a rod-shaped laser medium
causes parabolic gradient of the refractive index across the cross section. In addition to the temperature
dependence of the refractive index, the thermo-optic coefficient of the Nd:YAG rod is different in the
radial and tangential directions in the rod cross section.

When fractions of pumping power are dissipated as heat in a uniformly pumped Nd:YAG rod (with
length L and diameter of the cross section 2r0), the distribution of the refractive index in the Nd:YAG
rod is

n(r) = n0

⎡⎢⎢⎢⎢⎢⎣1 − Pa

2πr2
0Lκ

(
1

2n0

dn
dT
+ n2

0αCr,φ

)
r2

⎤⎥⎥⎥⎥⎥⎦ , (2.8)

where n0 is the refractive index of Nd:YAG, κ is the thermal conductivity, dn/dT is the temperature
dependence of the refractive index, α is the thermal expansion coefficient and Cr, Cφ are the functions
of the elastooptical coefficients of Nd:YAG.

The equivalent focal length, fr,φ, of a lens-like medium with a parabolic distribution of the refractive
index as shown in Equation (2.8) is

fr,φ =
κA
Pa

(
1
2

dn
dT
+ n3

0αCr,φ

)−1

. (2.9)

According to Equation (2.9), the focal length of the thermal lens is inversely proportional to the dissi-
pated power in the rod, or to the absorbed power if we can assume a constant mode matching for all
pumping power. The focal length of the thermal lens becomes shorter as the laser medium is pumped
harder; it is difficult to achieve laser oscillation for thermal lensing with a too short focal length com-
pared to the cavity length.

Equation (2.9) also shows that the thermal lensing is different in the radial direction and the tan-
gential direction, and thus the laser cavity possesses two independent cavity polarization states with
the different focusing profiles called thermally-induced bi-focusing. Table 2.1 compares the relative
strength of each term in the bracket of Equation (2.9); the diopter of the focal length can be different
by 20 % between the radial and tangential direction in the rod cross section. Without compensation for
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Term in Equation (2.9)
1
2

dn
dT

n3
0αCr n3

0αCφ

Amplitude 3.6 × 10−6 7.4 × 10−7 −1.1 × 10−7

Ratio 1 0.2 -0.03

Table 2.1: Comparison between the terms of the the thermal lensing. The ratio shows the relative
strength of the thermal lensing effect to the temperature dependence of the refractive index.

the thermal bi-focusing, the cavity polarization modes compete against each other and thus intensity of
the laser output becomes instable.

Compensation for the thermal effect

A technique to compensate for the thermal bi-focusing is to use a polarization rotator to exchange the
radial and the tangential components of the polarization and then pass the light through the same bi-
focusing medium85–87). As a result, the light undergoing the double-pass compensation is phase-shifted
by the same amount for any polarization state and the the polarization of the transmitted light suffers
from no depolarization.

In order to compensate correctly for the depolarization with this technique, the spatial distribution
of the electric field in the first gain should be reproduced in the second gain in exactly the same way.
Imaging optics to transfer the principle plane of a gain medium to the second medium was suggested to
overcome the problem of reproducing the electric field88). The feasibility of the technique was proved
experimentally with a high power laser system41).

In this work, laser media were located close to each other and thus no imaging optics was required
to achieve the thermal effect compensation. It is preferable to dispense with another intracavity com-
ponents from viewpoint of reducing possible internal loss.

2.2 How to construct a slave laser

To achieve single-frequency oscillation by injection locking, I should construct a ring laser with an
output power of 100 W and beam quality of diffraction limit.

In an ideal case, injection locking controls not only frequency, but also spatial profile and polarization89)

due to the indistiguishability of quanta in stimulated emission. However, in practical situations, mode-
mismatched gain can cause laser oscillation even in the presence of a strong master field circulating
in the slave laser cavity. The spatial profile of the slave laser thus should be diffraction-limited; oth-
erwise, the slave laser cannot be mode matched to a master laser no matter how well one may design
the imaging optics. Mismatching between the laser modes leads to degradation of the spatial mode and
polarization of an injection-locked output due to the uncontrolled components of the slave laser. It can
even trigger laser oscillation in the backward direction.

Due to thermal problems, the output power of a low-power laser cannot be scaled easily to over
100 W while retaining good beam quality; thus I followed three processes to construct a slave laser.
The flow chart is shown in Figure 2.3 and the processes are as follows:
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Expand the linear cavity to make a ring cavity

Characterize the output in unidirectional operation
　　

Figure 2.3: Flow chart of the construction process of a high-power ring laser.
　

1. Built a laser in a linear cavity configuration, and optimize the parameters of the cavity length and
the reflectivity of the output coupler.

2. Expanded the linear cavity to a ring cavity so that the laser could be used as the slave laser in
injection locking; the design of the ring cavity was based on the optimized parameters of the
linear cavity.

3. Characterized the output mode of the ring cavity; since the intensity of the free-running laser
was not stable enough to measure the beam quality, the ring laser was enforced unidirectional
oscillation with an intracavity Faraday rotator.

The first process has already been investigated intensively by a Mitsubishi Electric Corporation research
group84, 90–93), of which I made use of the results. The second and third processes are ideas developed
in this work.

2.3 Side-pumped Nd:YAG laser module

In order to construct a slave laser, a commercially available Nd:YAG laser module (λ = 1064 nm)
developed by the Mitsubishi high-power laser group was used. The side view and the cross section
of the laser module is shown in Figure 2.4 and Figure 2.5, respectively. The module was originally
developed for the purpose of industrial processing, and thus no attention was devoted for the frequency
property of the laser output.

One laser module consists of two identical Nd:YAG rods (4 mm in diameter and 7 cm in length)
and a quartz rotator. The quartz rotator is placed between the Nd:YAG rods in order to compensate
for the thermally induced birefringence in each rod by rotating the polarization and cancel out the
depolarization.

The Nd:YAG rod is placed in a ceramic chamber and side-pumped by diode laser arrays. The
pumping light is diffused in the ceramic chamber and absorbed by the Nd:YAG rod. This scheme was
proved to be highly effective and feasible to pump the rod medium uniformly90).

The laser module is cooled by a primary-secondary water cooling system. The temperature of the
secondary circulating water, which removes the heat from the Nd:YAG rods and diode lasers, is kept at
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Figure 2.4: Side view of the laser module. The
laser module consists of two Nd:YAG rods and
a quartz rotator.
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Figure 2.5: Cross section of the laser pumping
module and the Nd:YAG rod. The Nd:YAG
rod is placed in a ceramic chamber.

　

25°C. Since conduction cooling by a thermo-electric cooler cannot remove the thermal load of several
hundreds of watts, water cooling is the only way to stabilize the temperature for the laser module. The
vibration caused by water turbulence is thus inevitable for this laser system.

2.4 Preliminary experiment in a linear cavity configuration

A linear cavity laser was constructed and tested with the laser module. The cavity geometry was based
on the design by Konno84).

2.4.1 Design of the linear cavity

In the design of a linear cavity laser proposed by the Mitsubishi group, the stable region of the linear
cavity can be shifted to higher pumping region by using convex mirrors with radius of curvature of 20
cm; each mirror is located at 45 cm from the end of the rod. The schematic diagram of the linear cavity
laser is shown in Figure 2.6.

Figure 2.7 shows the result of a mode simulation of the linear cavity. Thermal lensing with a focal
length of 50 cm in each rod was assumed; the focal length was an average value of fr and fφ at the
operating pumping power.

In order to improve the beam quality, a Brewster plate and an aperture were placed in the laser
cavity. The Brewster plate discriminates the p- and s-polarized light due to the different reflection
coefficient between the two polarization states. As a consequence, the p-polarized light, which can
travel along the round trip with less internal loss, can predominantly oscillate.

The aperture truncates the high-order Gaussian modes, whose spatial profiles are extending further
compared to that of the fundamental Gaussian mode, and only the component of the diffraction-limited
mode can survive in the laser cavity. The aperture size was chosen to be approximately 1.6 times larger
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Figure 2.6: Schematic diagram of the linear cavity. OC: Output coupler, ROC: Radius of curvature,
BW: Brewster window, AP: Aperture. The negative value of the ROC indicates a convex mirror.
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Figure 2.7: Simulation of the cavity mode in the linear cavity configuration. The filled square shows
the position of the Nd:YAG rod.
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Output power 60 W

Spatial mode Single transverse mode

M2 in the horizontal plane 1.12
M2 in the vertical plane 1.13

Polarization of the output Linearly polarized

Polarization state Vertically (s-) polarized
Polarization ratio 1:40

Table 2.2: Characteristics of the output of the linear cavity laser with the Mitsubishi laser module.

than the size of the diffraction-limited mode by adjusting the position of the aperture along the optical
axis.

2.4.2 Results of the linear cavity operation

The linear cavity laser generated an output power of 60 W with a linearly polarized, diffraction-limited
mode. The output power and the beam quality of the linear cavity laser is summarized in Table 2.2.
The M2 was measured with Coherent’s ModeMaster PC.∗

According to the result, high output power of good beam quality (a single transverse and linearly
polarized mode) was achieved in a linear cavity configuration.

2.5 Design of a slave cavity

I designed a ring cavity laser based on the result of the linear cavity experiment.

2.5.1 Ring cavity configuration

If a linear cavity laser is expanded to a ring cavity just by detouring the return path of the circulating
light, a single pass through the laser medium in a round trip results in a different circulating power and
different thermal lensing. The cavity mode in the ring cavity, therefore, will become totally different
from the mode in the linear cavity.

The problem of how to expand the linear cavity was circumvented by using another laser module
of the same property; the schematic diagram of the ring cavity is shown in Figure 2.8.

In the ring cavity with two laser modules, the circulating light undergoes amplification twice in
each round trip and the total internal power becomes exactly the same as that of a linear cavity for
either case in free running or injection locking. The extracted power from each module and the thermal
lensing also coincides with those of the linear cavity. Therefore, the design of the optimized linear
cavity can be applied to the ring cavity without any changes.

The schematic drawing of the actual ring cavity is shown in Figure 2.9. The parameters of the ring
cavity are the same as those of the linear cavity; the reflectivity of the output coupler is 85 %, two

∗The M2 is approximately 1.3 without an internal aperture in specification.
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Figure 2.8: Schematic diagram of the ring cavity, which is an expanded version of the optimized
linear cavity. By using another laser module (in the open square of broken line), the circulating light
experiences double-pass amplification and thus the intracavity power and thermal lensing is the same
as that in the linear cavity.

　

convex mirrors with the radius of curvature of 20 cm are used and the round trip length of the ring
cavity is adjusted to coincide with that of the linear cavity by less than a few cm.

Since convex mirrors with a short radius of curvature are used in a ring cavity, the beam path of
the ring cavity is folded in a zigzag shape in order to avoid astigmatism due to the reflection on the
convex mirror. One of the cavity mirrors is small (half inch in diameter, 1/8 inch in thickness), and
is attached to a piezo-electric transducer (PZT) with epoxy. The mirror-attached PZT is fixed to an
aluminum block. The cavity length can be controlled by applying voltage to the PZT; this actuator will
be used in injection locking.

The mode simulation of the ring cavity is shown in Figure 2.10. As expected, the mode size in the
ring cavity is an expanded version of the linear cavity. Also, the mode is symmetric with respect to the
quartz rotator, and thus the compensation for the thermal birefringence should function correctly.

Another possible configuration for the ring cavity, instead of Figure 2.9, is to use a flat mirror with
partial reflectance as the output coupler. The mode matching between the ring laser and a master laser
would be simple in that configuration. The reason for using an output coupler with curvature was
simply a practical issue with no significant meaning.

2.5.2 Results of the ring oscillation and discussions

The output power of the ring laser in free running is shown in Figure 2.11. The maximum output power
of 121 W and the optical-to-optical efficiency of 13 % were achieved. Since the maximum output power
is twice of the output power from the linear cavity laser, it has been proven to be feasible to expand a
linear cavity with the same parameters to a ring cavity by using two identical laser modules.

By fitting the plot of the output power with a line, the slope efficiency was found to be approx-
imately 120%, well above the threshold, indicating that more power could be extracted as the laser
output than the injected power. This result disagrees with Equation (2.3) which restricts the slope
efficiency less than unity.

The result is not surprising, however, because the mode stability in this design is limited within
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Figure 2.9: Schematic drawing of the ring laser.
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Figure 2.10: Simulation of the cavity mode for the ring cavity configuration shown in Figure 2.9.
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Figure 2.11: The output power of the ring laser in free running.
　

a narrow region of strong pumping, where the diffraction loss drastically decreases due to the ther-
mal lensing. Therefore, the stored energy in the laser medium suddenly started to build up the laser
oscillation, resulting in steep increase of the output power.

The parameters of the cavity loss δ and the overlap efficiency ηB are strong functions of the pumping
power Ppump. The actual slope efficiency and the oscillation threshold calculated by Equation (2.3) and
Equation (2.5) are thus changing according to the pumping power.

The rather low optical-to-optical efficiency of 13 % for a laser-diode pumped Nd:YAG laser is due
to the design of the long laser cavity to truncate the high-order spatial modes. Since a diffraction-limited
output is needed for our purpose, the decrease in the efficiency is inevitable.

Figure 2.12 shows the output power (in arbitrary units) in one of the two output ports. The power
was measured by a photodetector. The result shows that the intensity of the ring cavity was quite un-
stable and the power was flipping many times during a period of as little as 10 seconds. This instability
was caused by the gain competition between the counter-rotating waves.

The total output power stayed relatively constant when measured with a power meter with a slow
response time of approximately 1 second. On the other hand, the intensity fluctuation became evident
when the light from an output port was measured with a fast-response photodetector.

Intensity noise of the ring laser in free running could not be characterized for two reasons: first, the
averaged output power was not determined due to the large power fluctuation (see Figure 2.12), mak-
ing it impossible to calibrate a measured spectrum to the relative intensity noise; second, a measured
spectrum was so chaotic and thus didn’t have any structure of useful meaning.
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Figure 2.12: Fluctuation in the output power of the ring laser in free running measured with a photode-
tector.

　

2.6 Unidirectional operation with an intracavity Faraday rotator

When the ring cavity laser was to be characterized in free running, it was impossible to measure the
output mode due to large intensity fluctuation. Since the fluctuation was caused by gain competition
between the counter-rotating modes in the ring cavity, the conflicting modes should be removed to
stabilize the ring laser output.

In order to suppress the gain competition and characterize the output of the ring laser, I enforced
unidirectional oscillation of the ring laser by using an intracavity Faraday rotator.

2.6.1 Experimental setup

The Faraday effect rotates the polarization of light irreversibly94); if a Faraday rotator is placed in a
ring laser cavity, the polarization in a direction can be compensated by a half wave plate, whereas
the polarization in the opposite direction is deteriorated. Thus, inserting a Faraday rotator causes a
polarization-dependent loss and enables unidirectional oscillation suppressing the reverse wave.

A schematic diagram of the unidirectional ring laser is shown in Figure 2.13. The Faraday rotator
used in this experiment was commercially available from OFR Ltd. The Faraday crystal in the de-
vice was Terbium Gallium Garnet (TGG), which has a large Verdet constant, but exhibits rather large
absorption. An intracavity half wave plate was used to compensate for the Faraday rotation in one di-
rection. As shown in the diagram, two plane-parallel plates of fused silica were placed at the Brewster
angle to better discriminate the polarization-dependent loss. The open-angle geometry of the Brewster
plates compensated for the deflection of the optical path due to the oblique incidence on the dielectric
surface.

Two types of Faraday rotator were tested. I will refer to them as FR1 and FR2 respectively. FR1
has a large aperture of 5 mm and a small rotation angle of 3°, while FR2 has an aperture of 3 mm and a
large rotation angle of 10°. Due to optical power absorption in the TGG crystal, the rotator was heated
to 80°C even when it was cooled with a fin attached on the top of it.
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Figure 2.13: Schematic diagram of the ring cavity in unidirectional operation. FR: Faraday rotator,
HWP: Half wave plate, BW: Brewster window.

　

According to the mode simulation of the ring cavity (see Figure 2.10), the mode size at the FRs is
approximately 1.2 mm in diameter; thus, the size of the cavity mode is sufficiently small to the aperture
of the FRs and no clipping by the FR aperture should result.

2.6.2 Characterization of the output

When a Faraday rotator, a half wave plate and a Brewster window were placed in the laser cavity, the
reverse wave was completely suppressed and the gain competition vanished. Unidirectional oscillation
was achieved by using either FR1 or FR2. As a consequence, the intensity stability was improved to the
level sufficient for characterization of the output mode. Results of the measurements are summarized
in Table 2.3.

FR1 FR2
Diameter of the aperture (mm) 5 3
Rotation angle (◦) 2-3 10
Output power (W) 65 46
Pumping power (W) 962 924
Optical-to-Optical efficiency (%) 6.8 5.0
M2 in the horizontal plane 1.12 1.14
M2 in the vertical plane 1.26 1.07
Polarization ratio 1:16 >1:100

Table 2.3: Results of the unidirectional operation of the ring laser.
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2.6.3 Beam propagation profile measurements

The beam profiles of the output mode along the optical axis were measured with ModeMaster PC. The
results are shown in Table 2.4. According to the results, the output modes for the FR1 and the FR2
coincides with each other.

FR1 FR2
In the horizontal plane

Diameter of the beam waist (mm) 0.342 0.346
Position of the beam waist from the OC (cm) 8 8

In the vertical plane
Diameter of the beam waist (mm) 0.349 0.346
Position of the beam waist from the OC (cm) 7 6

Table 2.4: Results of beam profile measurements of the unidirectional ring laser.

2.6.4 Relative intensity noise measurement

Figure 2.14 shows relative intensity noise (δP/P) of the unidirectional ring lasers. Also shown in the
graph is the intensity noise of the linear cavity laser.

According to the result, the intensity noise of the unidirectional ring laser was comparable to that
of the linear laser, which indicates that the reverse wave was suppressed and the intensity noise was
limited by fluctuation inherent in the laser module.

2.7 Discussions

2.7.1 Output power

The output power of the unidirectional oscillation decreased in both cases. The main causes are ab-
sorption of the Faraday crystal (specification of ∼ 1%), reflection loss on the surface of the wave plate
(< 0.5 % in total for both sides) and the reflection loss of the Brewster window. The output power de-
creased to 84 W for an operation with the intracavity waveplate and Brewster and without the Faraday
rotator.

The discrepancy in the power decrease for FR1 and FR2 is most likely attributable to loss difference
due to the crystal length of the TGG since the medium in FR2 is longer than the one in FR1. The
narrower aperture for FR2 possibly contributed to additional loss, but it is not the primary factor to
limit the cavity mode as explained below.

2.7.2 Spatial beam quality

The measured M2 values for operations with FR1 and FR2 showed that the spatial modes of the uni-
directional oscillation were diffraction-limited regardless of the FR apertures. This result indicates
that the mode selectivity was provided by the aperture of the Nd:YAG rod itself. Although there was
no internal aperture, which was inserted in the linear cavity laser, diffraction-limited oscillation was
achieved. The reason is as follows:
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Figure 2.14: Relative intensity of the unidirectional ring laser.
　

Increased internal loss due to the intracavity components results in less internal power and thus
decreased output power, according to Equation (2.1). A fraction of the excess power is stored as
thermal load in the laser medium, which leads to stronger thermal lensing.

Figure 2.15 shows a mode simulation of the ring cavity for different thermal lensing. Stronger
thermal lensing expands the cavity mode size at the rods, which clips the internal field more effectively
and causes additional loss to it.

The single transverse mode was therefore achieved in the unidirectional operation due to the slight
expansion of the mode size by additional thermal load, which was originated from the internal loss
caused by the intracavity components.

The assumption can also explain the saturation of the power for FR2 at lower pumping power.
Since the laser cavity with FR2 possessed much loss, thermal load stored in the media increased more
rapidly than the laser with FR1. The pumping power was thus limited by the maximum expansion of
the cavity mode at the rod aperture. Further pumping pulled the ring cavity into the unstable region.

Beam profiles for FR1 and FR2 coincided; although, the pumping power and the thermal lensing
were different. The cavity mode was clamped at the point where thermal lensing and the internal loss
balanced for each operation condition.

Since additional thermal load should be stored to operate in a single transverse mode without an in-
ternal aperture, this experimental result cannot conclude that the slave laser in free running is oscillating
in a diffraction-limited mode. However, since the cavity mode size was proven to be comparable to the
rod aperture in the experiment, the free-running mode can be expected to be almost diffraction-limited.
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Figure 2.15: Cavity mode for different thermal lensing with focal length of fth.
　

2.7.3 Polarization

The polarization ratio for FR2, which had larger rotation angle, was better than FR1. This is a rea-
sonable result since the larger rotation angle provided the better discrimination of the loss between the
polarization states.

However, this result doesn’t lead immediately to a conclusion that an intracavity polarizer should be
used to improve a polarization property because inserting optical elements lead to significant decrease
of the output power in this experiment.

Since injection locking improves the polarization of a free-running ring laser, as mentioned in
Section 2.2, the decision whether to use a polarizer or not should be based on results of injection
locking.

2.7.4 Intensity noise

The spectra of intensity noise in the linear cavity laser and the unidirectional ring lasers were coinci-
dent with one another, showing that the intensity noise in unidirectional operation was limited by the
fluctuation inherent to the laser head.

The broad peak at 1 kHz in the spectra is caused by water flow of the cooling system. The reason
is as follows: Figure 2.16 shows a spectrum of acceleration, which was measured by placing a detector
on a water flow divider. The water flow divider is used to divide the circulating water into two flow
tubes for cooling of each Nd:YAG rod and pumping diodes in a laser module. The spectrum shows that
there are large peaks appearing around 1 kHz when water circulation is turned on. Since the peaks in
the acceleration spectrum agree with the broad peak in the intensity noise, the intensity fluctuation at
1 kHz can be attributed to the turbulence of the water flow.

This result indicates that fluctuation of the cooling system with water flow was coupled with the
intensity fluctuation of the laser output. Since the temperature cannot be stabilized for the power level
of the laser module by conduction cooling, this fluctuation is inevitable.

There is another steep peak in the spectrum at 5 kHz that appears at the same frequency regardless of
cavity configurations. Although the cause has not clearly been identified, it is most likely that intensity
fluctuation of pumping diodes was transferred to the output of the laser oscillation.
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Figure 2.16: Acceleration measurements on the flow divider.
　

The intensity stability is 10−4 Hz−1/2 at 100 Hz and the floor level rolls off by approximately f −1.
This level is one order of magnitude higher than the TAMA laser in free running. Since the intensity
noise was invariant for different geometry (the linear cavity and the ring cavity), the intensity fluctuation
in the current laser is not sensitive to the cavity length fluctuation or the mirror vibrations. Thus, little
cross coupling between the intensity fluctuation and the frequency fluctuation is expected accordingly.

Only by replacing the current pumping source with a more stable pumping one can further improve
the intensity stability. However, since the laser module is a commercial one and remodeling it is not
a practical solution, an external modulator to stabilize the intensity is the best to achieve the required
intensity stability.

2.8 Summary

I have achieved the followings:

• The 60-W, linearly polarized, diffraction-limited output from the linear cavity laser

• The ring laser with the output power of 121 W

• Unidirectional ring laser with the output power up to 65 W, whose intensity stability was limited
by the intrinsic noise of the laser module

The goal to construct a 100-W ring laser of good beam quality has been fulfilled by the technique to
expand an optimized linear cavity into a laser in a ring configuration.



Chapter 3

Injection locking

The ring laser was injection locked to a 2-W master laser to generate an output power of 100 W at
a single frequency. The intracavity components for unidirectional oscillation were removed in this
experiment because of the large power decrease caused by the loss of the components. Without aid of
these devices, unidirectional oscillation was achieved by injection locking. In this chapter, details of
the injection-locked laser is presented.

3.1 Theoretical model of injection locking

Theoretical models of injection locking were intensively investigated by Siegman39) and Farinas95)

extended the discussions further. Experiments of injection locking in this work are based on these
models.

Laser oscillation is in general originated from spontaneous emission in an active laser medium
which grows with time by getting through stimulated emission. In injection locking, however, there is
a circulating master field, which is much stronger than spontaneously emitted light. Thus, the cavity
mode seeded by the strong master radiation predominantly depletes the available gain of active laser
media and oscillates only at the master frequency while suppressing the other oscillating modes. This
non-linear effect of extinguishing the other modes makes injection locking of great use in constructing
a high-power, single-frequency laser.

3.1.1 Master equations

The master equations to describe injection locking are as follows:

dẼ(t)
dt
+ [γc/2 + i(ω − ωc)]Ẽ(t) = −i

ω

2ε
P̃(t) +

(
2γe

εVc

)1/2

Ẽe(t), (3.1)

dP̃(t)
dt
+ [Δωa/2 + i(ω − ωa)]P̃(t) = −i

κ

2ωVc
ΔN(t)Ẽ(t), (3.2)

dΔN(t)
dt

+ γ2ΔN(t) + Rp(t) = i
Vc

4�
[Ẽ(t)P̃∗(t) − Ẽ∗(t)P̃(t)], (3.3)

where ε is the dielectric constant of a laser medium, κ is a coupling efficiency of external signal to
a polarization, Ẽ is injection-locked field with oscillating frequency ω, Vc is the mode volume of the

43
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laser medium, Ẽe is injected external field, P̃ is atomic polarization, ΔN is inverted population and Rp

is pumping rate. ωa and Δωa are the center frequency and the linewidth of the laser gain, respectively.
The decay rate of the cavity δc can be expressed as δc = Ltotal/τ, where τ is the round-trip time and
Ltotal is the total internal loss including the loss due to external coupling. The decay rate γe due to
external coupling is T/τ, where T is the transmission of the output coupler. A perfect mode matching
is assumed in the following calculations.

In Nd:YAG, atomic polarization decays much faster than internal field in a laser cavity and inverted
population96–98), and P̃ can be derived in the form

P̃(t) = −i
κ

ωΔωaVc

1
1 + 2i(ω − ωa)/Δωa

ΔN(t)Ẽ(t). (3.4)

Next, let us consider injection of external field, or master field with oscillating frequency ωm, which is
in the form

Ẽe(t) ≡ Em(t) exp(iφ(t)). (3.5)

When the master field is injected into a slave cavity, the master equations yield

dE(t)
dt
+
γc − γ0

2
E(t) = γeEm cos

[
φ(t) − φm

]
, (3.6)

dφ(t)
dt
+ ωm − ωs(t) = −γe

Em(t)
E(t)

sin
[
φ(t) − φm(t)

]
, (3.7)

= −Δωlock sin
(
φ(t) − φm(t)

)
, (3.8)

where a slowly varying envelope approximation was applied to reduce the master equations. Δωlock is
the angular frequency bandwidth of the lock range, which is equivalent to Equation (1.15).

In steady state, Equation (3.8) yields

ωm − ωs + Δωlock sin(Δφ) = 0, (3.9)

where Δφ is the phase difference between the master and the slave field. In order to obtain a result of
a physical meaning, the frequency of the master field and the injection-locked field should fulfill the
relation

−Δωlock ≤ ωs − ωm ≤ Δωlock. (3.10)

3.1.2 Locking range

Equation (3.10) predicts that the frequency of the master laser should stay within a frequency band,
called a locking range, to that of the slave laser to maintain injection locking. The expression of the
locking range has been already shown in Equation (1.15). There is a limitation on the power ratio of
the master and the slave laser output power, as noted before.

A model of how a master laser injection locks a slave laser is depicted in Figure 3.1. Let us consider
a circulating field of frequency ω in a laser cavity with a gain medium. The amplitude gain g̃ of the
ring cavity can be expressed in the form

g̃(ω) ∼ 1√
R

1 − R
1 − g + igτ(ω − ω0)

, (3.11)
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Figure 3.1: Schematic drawing of locking range (this illustration is a modified version of a drawing in
the Siegman’s text39)).

　

where R is the reflectivity of the output coupler, τ is the round-trip time, g is the net round-trip gain and
ω0 is the frequency of a cavity mode. In laser oscillation, the net gain g is clamped at unity and R can
be approximated to be unity; as a consequence, the intensity gain G = |g̃|2 can be expressed as follows:

G ∼ γ2

(ω − ω0)2
, (3.12)

where γ = (1−R)/τ is the cavity decay rate. According to Equation (3.12), the circulating field in a laser
cavity will grow infinitely as the frequency of the external field gets closer to that of a cavity mode. If
the frequency difference between the external signal and the cavity mode falls within the locking range,
the cavity mode, which is an amplified field of the spontaneous emission, will be extinguished, and the
amplified external signal will grow until the available power is all consumed on the amplification of the
field.

In this description, the factor to achieve injection locking is only the frequency difference. Thus, a
master laser can control the frequency of a slave laser completely as long as the frequency of the slave
laser is sufficiently stable to stay close to that of the master laser. However, large fluctuation exists in a
high-power slave laser. In general, a technique to stabilize the relative frequency is needed to keep the
slave laser injection locked.

For a laser with an output power up to several watts, temperature control using conduction cooling
is a feasible way to stabilize the frequency of a slave laser60). However, there is limitation on this
technique; for even higher-power laser the temperature cannot be controlled by conduction cooling due
to large thermal load.

Thus, in this work, phase locking of a slave laser to a master laser with the Pound-Drever-Hall
(PDH) technique was used to stabilize the relative frequency between the master and the slave laser.
Details of the PDH technique is given in Section 3.1.5.
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Figure 3.2: Transfer function of frequency fluctuation to the output of an injection-locked output.39)

　

3.1.3 Frequency stability in injection locking

In injection locking, the frequency property of a master laser is transferred to a slave laser. The transfer
function of the frequency perturbation of a master laser can be expressed as follows95):

Hm(ω) =
1

1 + i

(
ω

Δωlock cosΔφ

) , (3.13)

∼ 1
1 + i(ω/Δωlock)

, (3.14)

where Δφ is

Δφ = sin−1
(
ωs − ωm

Δωlock

)
. (3.15)

Since the frequency difference between the master and the slave laser can be ignored in injection lock-
ing, cosΔφ can be approximated to be unity.

The frequency fluctuation of a slave laser is transferred to the frequency of the injection-locked
output following the relation

Hs(ω) =
(ω/Δωlock)

1 + i (ω/Δωlock)
. (3.16)

Plots of these transfer functions are shown in Figure 3.2.
According to Equation (3.14) and Equation (3.16), the frequency fluctuation of the master laser is

dominant at frequency below the locking range due to the low-pass filtering of the transfer function
while the frequency fluctuation of the slave laser is suppressed by the high-pass filtering. Therefore,
the frequency stability of an injection-locked laser should be the same as that of the master laser and
frequency tuning of the master laser will be reproduced in the frequency of the injection-locked laser.
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3.1.4 Intensity stability in injection locking

Intensity fluctuation of a pumping laser will appear in the output of an injection-locked laser95). This
pump-modulation transfer function can be expressed as

Gp(ω) =
1
γc

ω2
sp

ω2
sp − ω2 + 2iωγ′sp

, (3.17)

where ωsp is the spiking frequency of the slave laser and γ′sp is the spiking decay rate. They are derived
by the following relations

ω2
sp ∼ (r − 1)γ2γc, (3.18)

γ′sp ∼
rγ2

2
+ γe

(
r
γ2

γc
+ 1

) √
Pm

Ps
. (3.19)

where r is the number of times above threshold, γ2 is the decay rate of the upper state of the laser
transition. Plots of Equation (3.17) for several power ratio Pm/Ps is shown in Figure 3.3.

The transfer function of intensity noise in the master laser to the injection locked laser output is

Gm(ω) = rγ2γe

√
Pm

Ps

(
1 + i

ω

rγ2

)
ω2

sp − ω2 + 2iωγ′sp
. (3.20)

Plots for Equation (3.20) are shown in Figure 3.4.
According to the theoretical predictions of Equation (3.17) and Equation (3.20), intensity noise of

an injection-locked laser is determined by the slave laser within the locking range. The steep spike, or
the resonant relaxation oscillation (RRO) of the slave laser, which typically appears at several hundred
hertz, will be suppressed by injection locking.

On the other hand, the RRO of the master laser will be transferred to the output of the injection-
locked laser with no suppression, and thus the RRO of the master laser should be suppressed before
injection locking. In this experiment, the RRO of the master laser was suppressed by a built-in noise
eater.

3.1.5 Pound-Drever-Hall technique

The PDH technique is used to extract a signal of the frequency difference between an optical cavity and
an incident laser44, 99, 100).

A schematic diagram of the PDH technique is shown in Figure 3.5; the electric field Einc of a
phase-modulated laser can be expressed as

Einc(t) ∼ E0

[
J0(m)eiωt + J1(m)ei(ω+ωmod)t − J1(m)ei(ω−ωmod)t

]
, (3.21)

where E0 is the time-invariant amplitude of the field, Ji(m) is the first-kind Bessel function of i-th order,
m is the modulation depth, ω is the optical frequency and ωmod is the modulation frequency. The first
term on the right side of Equation (3.21) is the same component as the laser, which is called carrier,
and the second and the third terms are called the upper side band and the lower side band, respectively.
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Figure 3.3: Transfer function of the pumping
fluctuation of the slave laser to the output of
the injection-locked laser.
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Figure 3.4: Transfer function of the intensity
fluctuation of the master laser to the output of
the injection-locked laser.

　

When the phase-modulated light is incident on an optical cavity, with linewidth much narrower
than the modulation frequency, only the carrier component falls in resonance with the optical cavity
while the other sidebands remain off resonant. The reflected light from the optical cavity is detected
by a photodetector, as shown in Figure 3.5, and mixed by the local oscillator signal. The output signal
yields

e(ω) = 8η
√

PcPs
δν

νFSR
, (3.22)

where δν is the fluctuation of the laser frequency, νFSR is the free spectral range of the optical cavity and
η is a transform coefficient of a detected power into an electrical signal. According to Equation (3.22),
the demodulated signal is proportional to the frequency fluctuation δν and thus gives information how
much the frequency of the laser fluctuates.

Figure 3.6 shows a simulation of an error signal of the PDH technique. In this simulation a linear
cavity with mirrors of impedance matched amplitude reflection (r1 = r2 = 0.9) was assumed. The
modulation frequency was assumed to be tenth of the free spectral range of the cavity (νmod = νFSR/10).
The slope of the dispersion curve at each zero-crossing point is in the opposite sign between the carrier
and the sidebands, and thus the carrier of a master laser can be locked to a cavity resonance while the
sidebands are kept out of the resonance.

3.1.6 Control theory in injection locking using the PDH technique

An error signal of the frequency fluctuation can be obtained by the PDH technique, as shown in Equa-
tion (3.22). The error signal can be used to stabilize the laser frequency by amplifying and feeding back
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Figure 3.5: Schematic diagram of the PDH technique.
　

to a frequency actuator of the laser99). A schematic diagram of the stabilization control loop is shown
in Figure 3.7.

In Figure 3.7, K, G, D are the conversion coefficients of a frequency actuator of the laser, servo
filter and the discriminator of the PDH technique, respectively.

The noises added to the control loop at the points of A, B and C in Figure 3.7 are referred to as
δνlaser, δVdisc, δVservo, respectively. The total noise at the output can be expressed as

δν =

√|δνlaser|2 + |KδVservo|2 + |KGδVdisc|2
|1 + KGD| . (3.23)

When the feedback gain of the open loop transfer function KGD is sufficiently larger than unity, the
residual noise, which appears at the output of the stabilized laser, is

S ∼ δVdisc

D
. (3.24)

Therefore, the frequency noise of an stabilized laser is determined by the noise of the discriminator and
the feedback gain. In an ideal case, the discriminator noise is limited by the shot noise of the incident
light in the photodetector. The spectral density of the shot noise, which is white noise, can be expressed
as

δVdisc = R
√

2

√
2e

(
2J2

1(m)
eηP0

hν

)
, (3.25)

where R is the transimpedance of the photodetector. The shot-noise-limited fluctuation of the stabilized
laser is

δν =
δνc

J0(m)

√
hν

8ηP0
. (3.26)

Here, I ignored the frequency response function of the cavity because the cut off frequency is far above
the frequency of our interest.
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Figure 3.6: A calculated error signal of the PDH technique. The slope D is the discrimination coefficient
of the PDH signal which convert the frequency shift (δν) to voltage.

　

3.1.7 Estimation of frequency stability of an optical cavity

Assuming the frequency noise δνlaser of a laser is dominant, the signal at point C in Figure 3.7 can be
expressed as

δVC =
DGδνlaser

|1 + DKG| , (3.27)

∼ δνlaser

K
, (3.28)

where the feedback gain |G| is sufficiently larger than unity. According to Equation (3.28), the fre-
quency noise of the laser can be evaluated by measuring the spectrum at the actuation point and cali-
brating the actuation coefficient of the laser frequency with dimension of Hz V−1.

This fact shows that fluctuation of a laser can be suppressed by applying a signal of the same
amplitude and the opposite sign, which agrees with intuitive understanding that a number subtracted
by itself makes zero.

3.1.8 Characterization of a spatial mode using a Schack-Hartmann wavefront sensor

Spatial beam quality of a laser output can be estimated by measuring wavefront distortion101–103). In
this work, a HASO wavefront sensor of Imagine Optic was used to evaluate the aberrations of the
injection locked laser.

A Schack-Hartmann wavefront sensor uses two-dimensional microlens arrays to analyze wavefront.
The microlens arrays divide wavefront into small segments and focus the pieces of the light on a
detector behind the lens arrays. In this configuration, tilt of the segmented wavefront can be measured
by calibrating the displacement of the focusing points. The actual wavefront of the incident laser can
be reproduced by integrating the tilts over spot region on the pupil.
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Figure 3.7: Schematic diagram of the control loop of the PDH technique in injection locking. The
open square of ACT shows a frequency actuator of the laser with a transform coefficient of K with a
dimension of Hz V−1.

　

Representing wavefront with Zernike circle polynomials, which is analogous to the Seidel aberra-
tions and has the smallest rms distribution for an aberration of a given order,∗ will give us a convenient
way to analyze wavefront distortion104).

According to the diffraction theory of aberrations, normalized intensity at a converging point, or
Strehl intensity, can be expressed as

i ∼ 1 −
(
2π
λ

)2

(ΔΦ)2, (3.29)

= 1 −
(
2π
λ

)2 (
Φ2 − (Φ)

2
)
, (3.30)

where ΔΦ is the mean-square deformation of the wavefront. Even in the case of non-uniform illumi-
nation of the pupil, Equation (3.29) can still be applied by taking into account a weighted amplitude of
the deformation102, 103). For the case of a Gaussian beam, Φn is expressed in the form

Φn =
1
π

∫ 1

0

∫ 2π

0
exp(−ρ2)Φnρdρdθ, (3.31)

where ρ is normalized with the radius of the exit pupil.

Table 3.1 summarizes formulas for tilt, focus and higher-order aberrations. Substituting each aber-
ration into Equation (3.31) yields effective power decrease at the waist position due to the aberration,
which will give us a good criterion for spatial beam quality.
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Figure 3.8: A Gaussian mode with distorted wavefront converging to a virtual point source.
　

3.2 Experimental setup of injection locking

The experimental setup to injection lock the 121-W slave laser to a 2-W master laser is shown in
Figure 3.9.

A 2-W NPRO (Innolight, model Mephisto 2000 NE) was used as a master laser. The frequency of
the NPRO can be controlled by applying voltage to the PZT, which is attached to the Nd:YAG crystal
and change the frequency by pressing the crystal against the crystal mount. The Nd:YAG crystal and
the diode lasers are temperature-stabilized by conduction cooling. The M2 of the master laser was 1.11
in the horizontal plane and 1.03 in the vertical plane, which I measured with ModeMaster PC.

Two Faraday isolators, each of which consisted of a Faraday rotator (OFR) with rotation angle of
45°and two thin film plate polarizers (CVI, TFPs), were inserted to protect the master laser against the
reverse wave from the free-running slave laser. The damage threshold of the TFP is 1 MW cm−2, which
is high enough to resist the high intensity of the optical power of the reverse wave.

The master light was phase-modulated by an EOM at a modulation frequency of 15 MHz. I used a
signal generator AFG320 (Tektronix) to drive the EOM. AFG320 has two output channels with inde-
pendently adjustable phase.

A mode matching lens was placed before the output coupler of the slave laser. The mode of the
master laser was measured after reflected by the OC; the result is shown in Table 3.2. When compared
to the results in unidirectional operation of the slave laser (see Table 2.4), the mode of the master laser
matches that of the slave laser within the uncertainty of the experiment (including the tolerance of the
ModeMaster PC of 5 % and uncertainty of my length measurement with a ruler).

The optical power of the master laser measured before the output coupler was 1.38 W. Throughput
of the input optics was 69 %.

The parameters of the slave laser is shown in Table 3.3. The FSR was calculated by measuring the
beat signal of the longitudinal modes in the output of the free-running slave laser. The reflectivity of
the OC is a specification value.

Taking into account the master power of 1.38 W and the output power of 100 W of the slave laser,

∗An aberration can be compensated by balancing with the lower aberrations, and expanding wavefront with the Zernike
polynomials can automatically solve the balancing problem.
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Order # Aberration Formula

2 1 Tilt at 0◦ ρ cos(θ)

2 Tilt at 45◦ ρ sin(θ)

3 Focus 2ρ2 − 1

4 4 Astigmatism at 0◦ ρ2 cos(2θ)

5 Astigmatism at 45◦ ρ2 sin(2θ)

6 Coma at 0◦ (3ρ2 − 2) cos(θ)

7 Coma at 45◦ (3ρ2 − 2) sin(θ)

8 3rd order spherical aberration 6ρ4 − 6ρ2 + 1

6 9 Trefoil at 0◦ ρ3 cos(3θ)

10 Trefoil at 45◦ ρ3 sin(3θ)

Table 3.1: Representation of tilt, focus and higher-order aberrations. The assigned number # will be
used in Section 3.6 to refer to each aberration.

the estimated lock range is

Δωlock = γe

√
Pmaster

Pslave
, (3.32)

= 0.15 × 123.7 MHz ×
√

1.38 W
100 W

, (3.33)

which yields Δωlock/2π = 0.35 MHz; this is the half width of the full locking range and the full lock
range is approximately 1 MHz for the injection locking system in this work.

The output power of the injection-locked laser was put into a power meter (Newport, model 1835
with a detector head of model 818-T) by reflecting with a mirror of 95.6-% reflection at the output port.
The output power of the injection-locked laser in this thesis is calibrated by the reflection ratio to give
the actual power leaving the output coupler. The leak light through the pick-off mirror was used for
demodulation of the PDH technique and for analysis of the output characteristics.

A fraction of the picked-off output was detected by a photodetector and the AC signal was mixed
with a local oscillator signal. The demodulation phase of the local oscillator was adjusted by tuning the
settings of AFG320.

The cavity length of the slave laser was controlled by the mirror-attached PZT. A high-voltage PZT
driver (Mess-Tek, model M-2663) was used to apply voltage to the PZT. The voltage range of the PZT
driver is from -11 V to 170 V, the signal bandwidth is 100 kHz. The output resistor is 22 Ω, which is
sufficiently low to drive the PZT with high capacitance of 285 nF (measured value).

3.3 Transfer function of stabilization loop with the PDH technique

Injection locking of the slave laser was stabilized by using the PDH technique.
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Figure 3.9: Schematic diagram of injection locking. FI: Faraday isolator, EOM: Electro-optic modula-
tor.

　

Mode of the master laser
In the horizontal plane

Diameter of the beam waist (mm) 0.314
Position of the beam waist from the OC (cm) 7

In the vertical plane
Diameter of the beam waist (mm) 0.322
Position of the beam waist from the OC (cm) 8

Table 3.2: Beam propagation of the master laser after reflected by the OC of the slave laser.

The error signal of injection locking is shown in Figure 3.10, which is in good agreement with the
calculated signal of Figure 3.6. This signal was measured by sweeping the slave cavity by applying a
triangle voltage to the PZT. Since the slave laser was operated in free running, the relative amplitude
between the carrier and the sidebands were not accurate due to large intensity fluctuation of the laser
output. For the same reason, the carrier and the sidebands were not separated by equal intervals, which
should be the same corresponding to the modulation frequency of 15 MHz.

The open-loop transfer function of the stabilization servo is shown in Figure 3.11. Since the sinu-
soidal signal applied to measure the system response function was amplified by the high gain at lower
frequency, making the injection-locking system unstable, the transfer function could not be measured
correctly below 1 kHz. The smooth curve shown in Figure 3.11 is the designed transfer function of the
servo filter, which was fitted to the measured plot with the gain as a fitting parameter. The result shows
that the servo filter is working as designed.

A PZT resonance at 42 kHz, which limited the control bandwidth and gain, was suppressed by a
notch filter. The transfer functions of the feedback loop with and without the notch filter are shown
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FSR 123.7 MHz
Round-trip length 2.43 m
Reflectivity of the OC 85 %
Finesse 21
Linewidth 5.9 MHz

Table 3.3: Cavity parameters of the slave laser.
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Figure 3.10: Error signal of the PDH technique for the injection locking. The bottom axis shows
sweeping time.

　

in Figure 3.12. By suppressing the resonance peak, the gain at frequency below the resonance was
increased by a factor of 2. As a result, the unity gain frequency of the control loop reached 15 kHz for
the maximum gain operation.

The gain at 100 Hz was close to 80 dB (104 V/V), which was the limit for a filter with a slope of
40 dB/dec. The phase margin is largest at 5 kHz in the current servo, and thus I need to re-design the
filter by shifting the phase margin closer to the unity gain frequency to improve the stability. The phase
margin for Figure 3.11 is 10°.
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Figure 3.11: Open-loop transfer function of the stabilization loop of the injection locking using the
PDH technique. Also shown in the lower graph is a fitting curve of the gain.
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Figure 3.12: Notch filtering of the PZT resonance peak.
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3.4 Frequency spectrum of the injection-locked laser

Frequency spectrum of the picked-off light from the injection-locked laser was analyzed with a scan-
ning Fabry-Perot cavity with a Finesse of 9200, free spectral range of 46 GHz, and consists of two
concave mirrors with a radius of curvature of 1 m. Transverse modes are separated by 1.15 GHz to
adjacent modes.

The result is shown in Figure 3.13. The spectrum of the free-running slave laser shows multi-
longitudinal mode oscillation, while the spectrum of the injection-locked laser shows that the laser is
oscillating at a single frequency.

The amplitude of the trace (it is in an arbitrary unit but the same scale for the free running and
the injection locking) reveals that the intensity of the free-running modes were concentrated into the
injection-locked mode.
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Figure 3.13: Longitudinal modes spectrum measured with a scanning Fabry-Perot cavity. The upper
trace shows longitudinal modes of the slave laser in free running and the lower trace shows a longitu-
dinal mode in injection locking.
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3.5 Output power

I successfully injection-locked the slave laser to the master laser for over 10 hours. Figure 3.15 shows
the time trace of the output power of the injection locked laser. Also shown in the graph are the reverse
wave of the slave laser and voltage to the PZT of the slave cavity. The pumping power during the
operation was 960 W and the optical-optical efficiency was 11%.

On the left edge of the PZT voltage plot, the voltage is steeply decreased: this was caused by
manual tuning of the master frequency. No tuning had been made since after the frequency adjustment;
the unlocks around 83 minutes were recovered spontaneously.

The output power remained over 100 W during the operation and no drift was observed. The
reverse wave of the free-running slave laser was suppressed when the slave laser was injection locked.
The voltage applied to the PZT shows that the frequency of the slave laser drifted during the operation.

An analysis shows that the average power for the period from 150 to 800 minutes is 105.1 W, with
the rms value of the output power of 105.1 W, the standard deviation of 0.601 W, the minimum power
of 102.2 W, the maximum power of 107.4 W and the peak-to-peak amplitude of 5.2 W. The slope of
the output power trace is -0.00035, which supports that there was no drift of the output power.

The output power was monitored with a photodetector, whose response is much faster than the
power meter; the result is shown in Figure 3.14. According to the graph, there is large fluctuation with
time variation in the order of one second in the output power. The peak amplitude of the fluctuation is
15% of the DC power.
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Figure 3.14: Output power as a function of time, measured by a photodetector.
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Figure 3.15: Output power (in the middle), the voltage applied to the PZT of the slave cavity (upper
trace) and the reverse wave (lower trace) of the injection-locked laser.
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3.6 Beam quality

The spatial mode of the injection-locked output was characterized by means of M2, CCD images,
polarization and wavefront distortion.

3.6.1 M2 measurement

M2 of the injection-locked laser was measured with ModeMaster PC. A fraction of the transmitted
light through the pick-off mirror (see Figure 3.9) was put into the instrument. The result is shown in
Table 3.4, which proves the spatial mode of the injection-laser is diffraction-limited.

M2 in the horizontal plane 1.11

M2 in the vertical plane 1.13

Table 3.4: M2 values measured for the output modes of the injection-locked laser.

3.6.2 Spatial profile

Spatial intensity distribution in the cross section of the beam was measured on a CCD camera (Spiri-
con): the result is shown in Figure 3.16. The beam shape is round and little distortion is observed in
the image.

The beam profile in the vertical plane, which contains the intensity peak, was fitted with a Gaussian
function, as shown in Figure 3.17. The result shows that the output mode of the injection-locked laser
can be considered to be a fundamental Gaussian mode.

Let us define an index factor of distortion ratio Rdistortion of a Gaussian beam as

Rdistortion =
Ameasured − Afitting

Afitting
, (3.34)

where Ameasured is the measured intensity profile and Afitting is the fitted profile of the Gaussian mode.
Substituting the result of the fitting into Equation (3.34), the distortion ratio of the laser was less than
30% across the cross section, as shown in Figure 3.17; thus there is little distortion of the wavefront.

For comparison, CCD images of the master laser and the free-running slave laser are shown in
Figure 3.18 and Figure 3.20, respectively. The distortion ratios for these lasers are less than 30% as
well, and thus the profile is an ideal Gaussian.
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Figure 3.16: Spatial distribution of the Gaussian mode of the injection-locked laser.
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Figure 3.17: Gaussian fitting of the spatial profile of the injection-locked output at the peak value in
the vertical plane.
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Figure 3.18: CCD image of the
master laser mode.
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Figure 3.19: Gaussian fitting of the master
laser mode.

　

　

　　

　
　

Figure 3.20: CCD image of the
free-running slave laser mode.
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Figure 3.21: Gaussian fitting of the free-
running slave laser mode.
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3.6.3 Spatial mode analysis with a Schack-Hartmann wavefront sensor

Wavefront distortion of the injection-locked laser was analyzed with a HASO wavefront sensor. A
fraction of the light (less than 1 mW) was picked-off and the put into the instrument. The pupil size in
the measurement was 1.56 mm in diameter.

Figure 3.22 shows the result of the wavefront distortion measurement. The plot shows coefficients
of Zernike polynomials to reproduce the wavefront of the laser mode. The bottom axis corresponds to
the number in Table 3.1. The first three terms (tilts and focus) are not shown in Figure 3.22 since they
are not aberrations.
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Figure 3.22: Coefficients of the Zernike polynomials for the wavefront of the injection-locked laser.
Some aberrations have two coefficients, which correspond to the aberration at 0◦ and 45◦, respectively.
Coefficients for the first three terms are tilt at 0◦, tilt at 45◦ and Focus, which are not aberrations but
parameters of the reference sphere itself, and these terms are not shown.

　

According to the result, the aberrations are on the order of λ/100 (it is the sensitivity limit of the
instrument) and thus are negligible in practice. In order to estimate the wavefront distortion, decrease of
the Strehl intensity due to the aberrations was calculated for the astigmatism, coma, spherical aberration
and trefoil: the result is summarized in Table 3.5.

The Strehl intensity of the laser was 1 − 0.0048 = 0.995: thus, taking the even higher-order aberra-
tions into account, more than 99% of the power can be effectively focused to the waist while up to 1%
power will escape from the focusing point.

3.6.4 Polarization

Polarization ratio of the injection-locked laser was measured. A schematic of the experimental setup
of the polarization measurement is illustrated in Figure 3.23. The polarization of picked-off light from
the injection-locked output was rotated by a half wave plate, and the transmitted light of the PBS was
measured with a photodetector.
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Order # Aberration Intensity decrease (%)

4 4 Astigmatism at 0◦ 0.14

5 Astigmatism at 45◦ 0.17

6 Coma at 0◦ 0.005

7 Coma at 45◦ 0.0003

8 3rd order spherical aberration 0.012

6 9 Trefoil at 0◦ 0.058

10 Trefoil at 45◦ 0.10

Table 3.5: Decrease in Strehl intensity due to each aberration.

The result is shown in Figure 3.24. The error bar is half of the peak-peak amplitude of the light
detected by a photodetector. Fluctuation of the injection-locked laser is so large (see Figure 3.14) that
the accuracy of this measurement was limited by the intensity noise.

When the HWP was removed, the amplitude of the transmitted light matched the maximum of the
curve, and thus the light was linearly polarized in the vertical plane (p-polarization).

The fitting curve of the amplitude (A) is

A = 0.790 + 0.763 × sin(0.0706 × θ + 3.03). (3.35)

According to the result, the ratio of the minimum power to the maximum power is 1/58. When the
intensity fluctuation, which is ∼ 0.017 at the smallest amplitude at the rotation angle of 200 degrees, is
taken into account, the lower limit of the polarization ratio is 1/35. The actual polarization should be
equal to or better than this polarization ratio.

　

　　 PBS PD
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Figure 3.23: Schematic diagram of the polarization measurement. Extinction ratio of the PBS is 1:100
(specification).
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Figure 3.24: Result of the polarization measurement and a fitting curve with a sinusoidal function.
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3.7 Intensity stability
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Figure 3.25: Relative intensity noise of the injection-locked laser, the linear cavity laser examined in
Section 2.4 and the master laser.

　

Relative intensity noise (RIN) of the injection-locked laser was measured. Figure 3.25 shows the
intensity noise spectrum of the injection-locked laser. Also shown in the graph is the intensity noise of
the linear cavity laser and the master laser (NPRO).

The RIN of the injection-locked laser matched the RIN of the linear cavity laser. This proves that
the reverse wave of the free-running slave was suppressed and the noise was limited by the inherent
fluctuation of the laser module.

The peaks in the RIN of the master laser are the harmonics of the power line noise (50 Hz). The
RIN of injection-locked laser is two orders higher than the RIN of the master laser.
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3.8 Stability of the slave laser cavity
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Figure 3.26: Stability of the slave cavity, which was evaluated from the signal applied to the PZT of
the slave cavity.

　

Stability of the slave cavity was evaluated by measuring the signal applied to the PZT of the slave
cavity, as discussed in Section 3.1.7.

The result is shown in Figure 3.26. The solid line plot in the graph shows the frequency stability of
the slave cavity in injection locking; the broken line plot was measured below the oscillation threshold
of the slave laser. Since the stability of the laser oscillation is determined by thermal lensing, the
measurement for the sub-threshold condition was conducted just below the oscillation threshold. The
unity gain frequency for the measurement was 8 kHz.

The transform coefficient to calibrate the voltage signal into the absolute frequency was 7.5 MHz/V.
It was estimated from the frequency spectrum of the master laser transmitted through the slave laser
cavity. The frequency interval between the adjacent longitudinal modes corresponds to the FSR of the
slave cavity, and the voltage applied to the PZT to sweep the cavity was measured.

According to the result, the stability of the slave cavity in injection locking coincided with that for
the subthreshold; that is, the fluctuation of the laser cavity was independent of the laser oscillation.
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3.9 Discussions

3.9.1 Injection locking system

The 100-W slave laser was directly injection locked to the master laser; while Frede41) reported a multi-
stage injection locking system, which uses an intermediate 12-W laser and produces an output power
of 195 W. The advantage of the direct injection of the master laser is the wide control bandwidth; the
bandwidth of the frequency actuator is not limited by the preceding feedback system. Also the whole
system is simple and compact without another 10-W laser.

On the other hand, the intermediate laser can increase the locking range: for the case of the 195-W
laser, it is increased by a factor of 4. This leads to robustness and reliability of the injection locking,
whereas it adds certain complexity to the system.

Since the performance of the 100-W injection-locked laser was confirmed to be sufficient in the
experiments, there is no need to use a medium-power laser to increase the locking range at the moment.
In the future, however, it could be possible to use one when the laser power is to be scaled to even
higher.

3.9.2 Output power

The injection-locked laser produced an output power of 100 W: thus, the output power requirement of
the first amplification stage of the LCGT laser has been fulfilled.

Injection locking was achieved only at the pumping power just above the threshold (∼ 20 W for
the injection-locked output) and at the operation power of the 100 W injection-locked output. In the
medium pumping power region (from 20 W to 80 W for the weakly injection-locked output), the master
laser could not suppress the other cavity modes completely and the reverse wave started to oscillate.

The scenario for the behavior is as follows (see Figure 3.27†):
In the lower pumping power region, the gain for slave cavity modes were not sufficient to survive

in the presence of the strong master field and thus suppressed.
At the intermediate region, however, the mode matching between the master and the slave was

not established due to the weak thermal lensing and the relatively high gain remained unconsumed in
the laser materials, resulting in the reverse wave oscillation by depleting the excess gain. Since the
gain distribution is different between the modes, the injection-locked mode and the reverse wave were
independent of each other, and thus the both wave can exist at the same time: for this reason the cavity
mode could be weakly injection-locked by the master.

The mode matching got closer to perfect at higher pumping power, and the master field started to
occupy the whole gain in the media and suppressed the reverse wave.

Since the unstable geometry of the slave cavity is compensated for by the drastically changing
thermal lensing, the mode matching to the master laser also changes rapidly. This is the primary factor
to determine the operational point of injection locking. In this work, I designed the operational point
to be achieved at the highest pumping power.

†This diagram is not precise, since the uncontrolled gain exists in the cross section of the laser medium, not in the beam
profile along the optical path. However, it can schematically illustrate that there is uncontrolled profile in the cavity, which is
sufficient for the present purpose.
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Figure 3.27: Schematic diagram of the mode matching between the master and the slave laser. In the
drawings of the slave cavity, the solid curve shows beam profile of a cavity mode with sufficient gain
and the broken curve shows the beam profile of the injected master laser. The internal mode of the
master laser also changes according to the thermal lensing. The filled region for the weakly injection-
locked condition shows the uncontrolled cavity mode, which has no overlap over the master field.

　

According to Siegman39), the output power of an injection-locked laser will increase than the total
power of the free-running slave laser due to the additional power of the master laser. In this work,
however, the output power did not reach the output power of 121 W. Although the reason has not been
identified, a possible cause for the power drop is a mode mismatching between the master and the slave
laser, including when the master controlled the slave with excellent stability at 100 W with sufficient
mode matching.

3.9.3 Beam quality

The spatial beam quality of the injection-locked laser has been proven to be excellent in the experi-
ments.

The good M2 was achieved due to the design of the long cavity length, which was sufficient to
truncate high-order Gaussian modes. According to the discussion in Section 2.7.2, additional thermal
load contributes to improvement of the spatial mode quality, which was the case in the injection locking
since the diffraction-limited operation was achieved without an internal aperture.

The injection-locked laser exhibits a good beam profile without mode cleaning. However, the CCD
image and the profile plot of the injection-locked laser in Figure 3.16 show that the output mode has
slightly distorted side lobe around the beam. The Gaussian fitting of the profile also indicates the
distortion.

Although the distortion is rather exaggerated due to the small values on the periphery of the Gaus-
sian profile, the distortion should be removed by mode cleaners. Willke31) reported that spatial profile
of a Gaussian beam can be improved by using an optical cavity, which resulted in residual distortion of
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less than 1% for the stabilized Gaussian mode. The result of a mode cleaning experiment in this work
is given in Section 4.4.3.

3.9.4 Polarization

The polarization ratio of the injection-locked laser was better than 1:35. The output beam was linearly
polarized in the horizontal plane (p-polarization).

Injection locking was achieved only for p-polarization at the 100 W operation. Although the reason
is not clear, it is most likely that the loss difference between the polarization modes determined the
optimum oscillation condition and thus the output polarization. In that case, the polarization-dependent
loss was caused by the oblique reflection of the six mirrors. If this assumption is true, the result
indicates that the polarization of the injection-locked laser can be selected by a mirror which possesses
polarization-dependent loss. Further investigation is required.

As mentioned in Section 2.7.3, another possible scheme to improve the polarization is to insert
an intracavity polarizer, which could improve the output polarization to the level of 1:100. However,
the polarization of the injection locking was proven to be sufficiently excellent without any intracavity
elements, and can be improved by using an external polarizer. Therefore, no polarizer is needed in the
slave cavity which will cause a power decrease due to the additional loss.

3.9.5 Intensity stability

The intensity noise of the injection-locked laser was characterized. The noise spectrum is comparable
to that of the linear cavity (and thus the unidirectional ring laser), and two orders of magnitude higher
than the master laser at 100 Hz. The intensity noise of the injection-locked laser was limited by the
fluctuation of the slave laser: this is in agreement with the theoretical model discussed in Section 3.1.4.

However, since the RIN of the master laser is far below the RIN of the slave, this result is not
the immediate proof of the theoretical model. If I should try to prove the model experimentally at the
power level of 100 W at frequency below the RRO, I would need to use a slave laser more stable in
intensity than a master laser. It is not a practical situation.

Compared to the noise level of 10−5 Hz−1/2 for the TAMA laser (refer to Section 1.6.1), the noise
floor for the injection-locked laser is one order of magnitude higher. Although there is certain discrep-
ancy between the spectra, the intensity stability of the injection-locked laser can well be considered to
be sufficient for the free-running performance at the output power of 100 W.

A problem to face in the future is that we should achieve a feedback gain higher than the current
system by an order. In the design of the intensity stabilization (see Figure 1.6), current modulation
of amplifiers are to be used to suppress the fluctuation. Further investigation is needed to prove that
this technique is feasible even for a high-power laser system, in which considerable current should be
modulated.
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3.9.6 Frequency characteristics

The frequency stability of the slave laser cavity in free running was 105 Hz Hz−1/2 at 100 Hz. This is
the length fluctuation of the slave cavity itself and thus the frequency stability of the injection-locked
laser should be evaluated by comparing a stable frequency reference. The result of such measurements
will be presented in the next chapter.

Ottaway80) conducted a similar experiment: he evaluated the free-running frequency noise of a 5-W
injection-locked ring laser, which gave 104 Hz Hz1/2. The ring laser used in the experiment was tem-
perature controlled by conduction cooling. Taking account of the difference of the configurations, the
stability of the cavity of the 121-W slave laser can be considered to be good enough for the preliminary
experiments.

At the lower frequency (less than 10 Hz) in Figure 3.26, the curve is steeper than a typical slope of
frequency noise (f−1) and thus the stability is highly degraded by environmental noise sources. Since
the laser is located on an optical table in a clean booth without any covering, the optical path in the laser
cavity is directly exposed to the air flow. Also the cavity mirrors are independently fixed on the optical
table with conventional clamps, and thus the stability of the cavity length is limited by the fluctuations
of the mirrors.

As is the same with the intensity noise, there is a broad peak around 1 kHz, caused by the coolant
water flow.

The result shows that the cavity length fluctuation is independent of the laser oscillation. Thus, it is
not the thermal fluctuation in the laser media, but external noise sources, such as the mirror vibration
and acoustic noise, that determines the stability of the slave laser cavity.

Monolithic structure of a laser cavity was found to be effective to improve the cavity stability56).
The slave laser will therefore be constructed in a monolithic structure in the future.

Figure 3.28 shows a transfer function measured for the sub-threshold oscillation (broken curve)
together with the result of the injection locking (the same as Figure 3.11). According to the result, the
transfer functions were not changed between injection locking and sub-threshold oscillation.

Frequency behavior of an injection-locked laser was discussed in Section 3.1.3. According to
the theory, the master laser controls the frequency property of the injection-locked output within the
locking range. Since the locking range in this work is ωlock/2π = 0.35 MHz, which is much larger than
the bandwidth of 10 kHz for the control servo, there was no difference between the transfer functions.

If we are supposed to increase the control bandwidth for injection locking to several hundred kilo-
hertz, the locking range should be increased as well to expand the available frequency band. Hence, the
wider locking range is also desirable in this perspective and the power ratio Pmaster/Pslave cannot take a
small value for this reason.

3.10 Summary

I have achieved the following performances of the laser:

• CW operation with an output power of 100 W

• Single-frequency oscillation
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Figure 3.28: Comparison of the transfer functions for below-threshold and the injection-locked opera-
tion.

　

• Spatial beam quality of diffraction limit (M2
hor = 1.11, M2

ver = 1.13)

• Linearly polarized in the horizontal plane at the polarization ration better than 1:35

• Intensity stability of 10−4 Hz−1/2 at 100 Hz

Compared to the list in Section 1.5, all requirements except the intensity noise have been fully achieved.
Though the intensity stability was not totally comparable to the current lasers, the performance is
sufficient for future stabilization experiments. Characterization of the frequency performance will be
presented in the following chapter.



Chapter 4

Frequency stabilization

I have succeeded in injection locking the slave laser to the master laser, generating an output power of
100 W. The output power is sufficient for the first amplification stage of the LCGT laser design (see
Figure 1.6).

In order to investigate the laser performance, I measured frequency stability of the injection-locked
laser by frequency locking to an optical cavity. Results of the frequency stabilization experiments are
presented in this chapter.

4.1 Theoretical model of frequency stabilization

Frequency of a laser can be stabilized by locking to a stable optical cavity. Figure 4.1 shows a schematic
diagram for frequency stabilization of a laser.
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Figure 4.1: Schematic diagram of frequency stabilization. This diagram is the same as Figure 3.7
except that frequency stability of the reference is taken into account.

　

In Figure 4.1, the frequency stability of a laser (δνlaser) is compared to that of a frequency reference
(δνreference) with the PDH technique, which yields an error signal of the frequency fluctuation with
respect to the frequency reference. The error signal is amplified by an electrical servo and fed back to

73
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an actuator of the laser frequency.
The frequency stability of the laser output (δνoutput) in this feedback system is expressed in the form

δνoutput ∼ δνlaser

G
− δνreference + δνshot, (4.1)

within the feedback bandwidth. δνshot is the detection noise determined by the shot noise.
The first term on the right side in Equation (4.1) shows that the frequency noise of the laser can be

suppressed by the feedback gain; and thus, G should be as large as possible. The second term is the
frequency stability of the frequency reference, which limits the total frequency stability. Thus we need
to use a highly stable frequency reference in stabilizing the laser frequency as well as design a feedback
system with a high gain G.

Fluctuation of the laser frequency without stabilization can be evaluated from the signal at the
actuating point (the point C in the diagram)80, 105). At frequencies where the feedback gain is sufficiently
larger than unity, the voltage signal (Vact) can be approximated as

Vact =
GD (δνlaser − δνreference)

|1 + KGD| , (4.2)

∼ δνlaser

K
. (4.3)

Here, δνreference was ignored because the frequency stability of the reference should be better than the
unstabilized laser (δνreference � δνlaser). Equation (4.3) indicates that the unstabilized frequency noise
is calculable from the actuator voltage Vact and the coefficient K.

The theoretical limit of frequency stabilization with an optical cavity is determined by the shot
noise of the laser, expressed in the form

δνshot = Δνref

√
hν

8ηP
, (4.4)

where P is the incident power of the optical cavity and Δνref is the linewidth of the reference. According
to Equation (4.4), the theoretical limit of frequency stability depends on the linewidth of the cavity and
the incident power of the laser; thus, either narrowing the linewidth or increasing the laser power can
lower the limit. In order to achieve the narrower linewidth, it is necessary to use an optical cavity with
a higher Finesse or longer cavity length.

In general, the optical cavity used in a stabilization experiment possesses a high Finesse and is
vulnerable to environmental perturbations due to the high sensitivity. Possible causes to deteriorate
the stability of a frequency reference δνreference are thermal fluctuation, acoustic noise and seismic
noise. The optical cavity to be used for frequency stabilization should therefore be isolated from these
fluctuations.

4.2 Purpose of frequency stabilization in this work

In the current design of the LCGT interferometer (see Figure 1.3), two mode cleaners with long baseline
will be used as frequency references. As stated in Section 4.1, a longer baseline will give narrower
linewidth and thus a lower theoretical limit due to the shot noise.
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Figure 4.2: Schematic diagrams of the possible configurations for a premode cleaner in the LCGT
interferometer.

　

However, there is another proposal16) to use a short-baseline optical cavity, called a premode cleaner
(PMC), to stabilize frequency of the LCGT laser. Schematic diagrams of the LCGT interferometer with
a PMC are shown in Figure 4.2.

There are two possible topologies for the frequency control with the PMC: (1) The error signal of
the PDH technique is fed back to the laser, or the laser is frequency-stabilized to the PMC. The PMC
provides an alternative frequency reference and thus can replace one of the mode cleaners. (2) The error
signal is fed back to a frequency actuator of the PMC. The PMC is controlled by the laser frequency
stability and thus only the mode cleaning effect can be achieved in this topology.

Although linewidth will become broader for a shorter round-trip length, a premode cleaner has the
advantages of as follows:

1. Higher stability at lower frequency (less than a few hertz) than long-baseline cavities with sus-
pended mirrors

2. Suppression of intensity noise at RF modulation frequency (∼MHz)

3. Wide control bandwidth due to the large linewidth

4. Improvement of pointing stability

5. Compact and simple to handle

Higher stability at low frequency can be expected due to the monolithic structure of a PMC. A
spacer made of a low-expansion material causes little drift and hence the stability can be improved. A
glass-ceramic compound material, ULE, which has an expansion coefficient of less than 3× 10−8 /K, is
a promising material for the spacer of the PMC. In contrast to the PMC architecture, thermally induced
drift of the cavity length is inevitable for an optical cavity whose mirrors are independently suspended.

Also, a PMC has the advantage of reducing intensity fluctuation at RF frequencies31, 106). The
transfer function of the amplitude of an electric field can be expressed as

Hamplitude =
1

1 + i2ω/Δω
, (4.5)
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Figure 4.3: Schematic drawing of the premode cleaner. The spacer has the dimensions of 20 cm in
length, 50 cm in height and 60 cm in width and is tabletop size.

　

where Δω/2 is the half linewidth of the optical cavity. Intensity of power fluctuation can be suppressed
according to

Hintensity =
1

1 + (2ω/Δω)2
. (4.6)

When a PMC with a half linewidth of 100 kHz is used to phase lock a laser, intensity noise at RF
frequency (10 MHz) will be suppressed by a factor of 104. As mentioned in Section 1.4.3, the intensity
noise at RF frequency will appear at the output signal by coupling with rms fluctuation of the main
interferometer, and therefore the intensity noise of the laser should be suppressed before the phase
modulation.

Due to the short round-trip length (L), the large FSR is an advantage from the viewpoint of a wide
control bandwidth; whereas the same reason makes PMC vulnerable to environmental perturbation as
the frequency fluctuation is increased according to δL/L.

4.3 PMC

4.3.1 Cavity design

Figure 4.3 shows the design of the PMC used in this work. It consists of three mirrors and a spacer
made of super invar. Three PZTs support the end mirror by pressing it against the cavity spacer. A
1-mm thick Viton rubber is put between the spacer and the end mirror. The PZTs are used to sweep the
cavity length.

Although the design would be similar to the PMC in this work, another PMC would be actually
used in LCGT, if to be installed. In that case, the cavity spacer should be made of ULE instead of super
invar. The PMC in this work is only for the preliminary experiments to study the laser performance and
the cavity characteristics.
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Parameters of the PMC
Round-trip length (designed) L = 42 cm

Round-trip time τ = 1.4 ns
FSR νFSR = 714 MHz

Radius of curvature of the end mirror (designed) R = 30 cm
Rayleigh range zR = 0.137 m
Waist size of the cavity mode in diameter 2w0 = 0.431 mm

Linewidth for p-polarization (measured) Δνp = 3.24 MHz
Finesse Fp = 220
Reflectivity of the cavity mirrors for p-polarization Rp = 0.986

Linewidth for s-polarization (measured) Δνs = 0.253 MHz
Finesse Fs = 2900
Reflectivity of the cavity mirrors for s-polarization Rs = 0.999

Frequency interval between adjacent transverse modes δνTM = 112 MHz
Equivalent phase shift δφ = 0.99 rad

Table 4.1: Parameters of the PMC.

4.3.2 Preliminary tests with the PMC using the master laser

PMC performances were characterized with the NPRO, or the master laser of the injection locking.
Parameters of the PMC are summarized in Table 4.1.

Figure 4.4 shows reflected light spectra of the PMC. Since NPRO typically has linewidth of at worst
10 kHz, Figure 4.4 is the spectra of the cavity itself. The transmission ratios evaluated by the spectra
are 86% for p polarization and 77% for s polarization.

Transmitted light spectra for s- and p-polarized light are shown in Figure 4.5. The linewidth for the
s- and p-polarized light is 0.253 MHz and 3.24 MHz, respectively. The finesse for s polarization Fs is
2900, and for p polarization is Fs = 220. Total reflection of the mirrors is 98.6% for p polarization and
99.9% for s polarization.

The total transmission efficiency of a cavity (ηtr) can be expressed by the relation

ηtr =

( T
T + A

)2

, (4.7)

where T is total intensity transmittance of the constituent mirrors and A is the total intensity loss. Sub-
stituting the PMC parameters into Equation (4.7) yields the cavity loss: 140 ppm for s polarization and
1100 ppm for p polarization. Since the cavity loss is estimated by the reflection spectrum, the calcula-
tion gives only the order of the actual loss: more precise cavity transmission should be estimated with
the transmission spectrum. Also power distribution among the higher-order modes and the sidebands
should be taken into account to precisely calculate the transmission ratio.
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Figure 4.4: Reflected light from the PMC for s-polarized (left) and p-polarized (right) master laser.
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Figure 4.5: spectra of transmitted light of the master laser, which were measured for s-polarized (left)
and p-polarized (right) light. There are 18-MHz sidebands on both sides for each spectrum. The
linewidth can be calibrated by the frequency interval to the sidebands.
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Figure 4.6 shows a spatial beam profile of the transmitted master laser. Compared to the profile
before transmitting (see Figure 3.19), Rdistortion got slightly better to achieve the distortion range of
± 10%.
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Figure 4.6: Spatial distribution of the master laser after transmitting through the PMC.
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Figure 4.7: Experimental setup of the frequency stabilization experiment.
　

4.4 Experiment

The 100-W injection-locked laser was stabilized to the PMC and characterized in terms of frequency
stability.

4.4.1 Experimental setup

A schematic diagram of the experimental setup for frequency stabilization is shown in Figure 4.7.
The 100-W output of the injection-locked laser was picked off by a mirror with 95.6% reflectivity

and the light was attenuated further by partial reflectance mirrors (illustrated as beam dumpers in the
diagram) to the 10-mW power level. The Gaussian profile of the light was transformed by a mode-
matching lens in order to match the PMC mode.

The incident light into the PMC was phase-modulated at 18 MHz for the PDH technique. An EOM
(NovaPhase) was used to impose the phase modulation. The HWP in front of the EOM was used to
adjust the incident polarization to the modulator polarization (s polarization), and the HWP after the
EOM was to rotate the incident polarization into the PMC (either s- and p-polarized). I used a signal
generator from Tektronix model AFG3022, which has two output channels with independent phase
adjustment, to drive the EOM. The demodulation phase was adjusted by changing the oscillation phase
of the signal generator.

The error signal of the PDH technique was amplified by servo filters and fed back to the PZT of
the master laser. The frequency actuator of the NPRO has modulation coefficient of approximately 1
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MHz/V and a bandwidth of more than 100 kHz. A PZT driver of model F30PV (FLC Electronics) was
used to apply voltage. It has a voltage range of ± 35 V and a wide bandwidth of a few megahertz.

In order to facilitate the locking procedure, a certain DC voltage was applied to the PMC PZTs
to sweep the resonant frequency and find a TEM00 mode. One of the three output channels of the
Mess-Tek PZT driver, the one used for the injection locking, was used to generate the DC voltage up
to 150 V.

At first, the PMC was located on a rubber-metal stack, which sat on an optical table, where the
cavity was exposed to the air flow of the clean booth. Experimental results taken in this condition
showed highly degraded frequency stability of the PMC, as shown in Figure 4.8. The plots are the
frequency noise spectra of the master laser for the measurement in the air (upper curve) and in vacuum
(lower curve). Comparing the spectra reveals that the upper curve is limited by the PMC stability, not
by the laser.

In order to circumvent the degradation of the frequency stability, the PMC was housed in a vacuum
chamber to isolate it from acoustic noises. A rotary pump was used to evacuate the chamber to achieve
less than 10 Pa. It was turned off during the measurements of the frequency stability.

In addition to the vacuum environment, the PMC was located on a two-stage metal spring to isolate
seismic motions. Since the spring was installed without any dampers, the spring oscillation at 6 Hz
did not decay easily once it was excited. The resonance oscillation of the spring deteriorated the beam
pointing of the transmitted light, which was observed by monitoring CCD images of the transmitted
light.

Since external noises were found to degrade the PMC stability seriously, the experimental results
shown hereafter were all measured in vacuum and on the seismic isolation system.
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Figure 4.8: Frequency noise spectra of the master laser (s polarization): when the PMC was placed in
the air (upper trace) and in the vacuum chamber (lower trace). This result shows that the frequency
noise is determined by the frequency stability of the PMC, not by the laser frequency.

　



4.4. EXPERIMENT 83

4.4.2 PDH signal

Error signals for s- and p-polarized light for the PMC using the PDH technique are shown in Figure 4.9
and Figure 4.10, respectively. The discrimination coefficient Ddisc V/Hz corresponds to the slope of the
zero-crossing line in the carrier resonance. The slope depends on the optical power, modulation depth
and amplitude of the local oscillator signal; thus, stabilized frequency spectra were calibrated by each
PDH signal slope.
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Figure 4.9: Error signal of the PDH technique for s polarization of the injection-locked laser.
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Figure 4.10: Error signal of the PDH technique for p polarization of the injection-locked laser.
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4.4.3 Transmittance of the PMC

Figure 4.11 shows a spectrum of transmittance for the injection-locked laser through the PMC plotted
as a function of sweeping time. There are two peaks of fundamental Gaussian modes, separated by
the free spectral range of 714 MHz. The other higher-order Gaussian modes are suppressed below
the noise level of the photodetector. The residual peaks correspond to the second- and fourth-order
Gaussian modes, which are mainly caused by mismatching of the wavefront and the mirror curvature.
Intensity of these modes are less than 1% respectively, confirming that the spatial mode of the injection-
locked laser is excellent.

The separation between the transverse modes are not equal: this is due to the PZTs property, which
exhibits nonlinear expansion when high voltage is applied. Taking the PZT behavior into account, the
interval frequency between the transverse mode is in agreement with expected values.
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Figure 4.11: Transmittance characteristics of the PMC for p-polarized light. Upper trace is the triangle
voltage applied to the PZT to sweep the PMC length.

　

Figure 4.12 shows a CCD image of the transmitted light of the injection-locked laser. The profile
is analyzed by fitting a Gaussian function in Figure 4.13.

Figure 4.14 and Figure 4.15 show the transmittance spectra of the injection-locked laser for s and
p polarization. Also shown in the graphs are fitted curves with Lorentzian functions. The linewidth for
s-polarized light is 0.239 MHz and for p-polarized light is 3.21 MHz, coincident with the results of the
master laser.
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Figure 4.12: Spatial distribution of the Gaussian mode of the injection-locked laser.
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Figure 4.13: Gaussian fitting of Figure 4.12 in the vertical plane, which contains the peak of the profile.
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Figure 4.14: Transmitted light of the p-polarized injection-locked laser and a fitting curve.
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Figure 4.15: Transmitted light of the s-polarized injection-locked laser and a fitting curve.
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4.4.4 Transfer function of the feedback loop
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Figure 4.16: Bode diagram of the transfer function in the frequency stabilization servo. The dashed
curve is the designed gain of the transfer function.

　

Transfer function of the feedback servo filter (for s polarization) is shown in Figure 4.16. There was
no mechanical resonance due to the PZT within the measurement bandwidth. This plot is the result of
the s-polarized light; the same Bode diagram (except the gain) was obtained for the p-polarized light.
The UGF was approximately 7 kHz and the phase margin was about 30°.
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4.4.5 Frequency stability of the injection-locked laser
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Figure 4.17: Frequency noise spectra for s-polarized light. The solid curve is the frequency noise of
the injection-locked laser and the dotted curve is the stabilized frequency noise.

　

The frequency stability of the injection-locked laser (measured for s-polarized incident light to the
PMC) is shown in Figure 4.17. The upper trace is the frequency noise of the injection-locked laser,
evaluated by the voltage applied to the frequency actuator, and the lower trace is the spectrum of the
stabilized frequency noise with respect to the PMC frequency stability, evaluated by the error signal.
The frequency noise (upper trace) was calibrated by the PZT coefficient of the NPRO of 1 MHz/V and
the gain of the PZT driver of 3. The stabilized frequency noise was calibrated by the slope coefficient
of 2.46 V/MHz (calculated from the plot in Figure 4.9). The UGF in this measurement was 7 kHz.

The frequency noise of the injection-locked laser is 2 × 102 Hz Hz−1/2 at 100 Hz and the stabilized
frequency noise relative the PMC reached 7 × 10−1 Hz Hz−1/2 at the same frequency. The noise floor
exhibits no particular structure up to 5 kHz. The slope of the frequency noise spectrum rolls off more
gently than f −1.

When comparing the frequency stability (without stabilization) to the frequency fluctuation of the
slave cavity (see Figure 3.26), the frequency noise was reduced by three orders of magnitude at 100 Hz.
Thus, the frequency fluctuation of the slave laser was suppressed by injection locking, and the feedback
to the optical cavity further stabilized the frequency of the injection-locked laser.
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4.4.6 Expected frequency stability
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Figure 4.18: Expected stabilized frequency noise (lowest curve). The frequency stability (upper curve)
and the stabilized frequency noise (dotted curve) are results for s-polarized light of the injection-locked
laser. The frequency stability and the feedback servo are different from the ones shown in Figure 4.17.

　

The frequency noise spectrum stabilized by the feedback system (δνstab) can be calculated by the
relation

δνstab =
δνlaser

|1 + Tol| , (4.8)

where Tol is the open-loop transfer function (Tol = KGD). Figure 4.18 shows the expected stabilized
frequency noise calculated by the transfer function. Also shown are the frequency noise spectra with
and without stabilization, which were measured for s-polarized light. Here, the uppermost trace in
Figure 4.18 corresponds to δνlaser in Equation (4.8).

Note that the spectra shown in Figure 4.18 are different from the ones in Figure 4.17 (the servo
filter at the lower frequencies is different as well). Although these spectra were measured in the same
condition, we can see the frequency noise gets worse by a factor of 2.5 at 100 Hz for the measurement
in Figure 4.18. Since the degradation of the frequency spectrum at the low frequencies was not always
reproduced, it is attributable to some non-stationary external noise. Thus, the true frequency stability of
the injection-locked laser is the one in Figure 4.17. The spectrum in Figure 4.18 includes perturbations
to the PMC or the laser frequency.
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The measured and the calculated spectra for the stabilized frequency noise are in good agreement
to each other. Therefore, the frequency noise was suppressed as expected by the feedback servo and
further suppression can be expected by improving the servo filter.

4.4.7 Frequency stability of the master laser
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Figure 4.19: Frequency noise of the master laser and the frequency noise of the injection-locked laser.
The result of the injection locking is the same as in Figure 4.18.

　

For reference, only the master laser was locked to the PMC: the frequency stability of the master
laser is shown in Figure 4.19. The spectrum was measured for s polarization. Also the frequency
stability of the injection-locked laser is shown in the graph (the same with the plot in Figure 4.18).

According to the result, the frequency stability of the injection-locked laser coincided with that of
the master laser. Compared to the result in Figure 4.17, the master laser exhibited the same degradation
of the frequency stability as the injection-locked laser. It is hence a common source both for the master
and injection-locked laser.

The true frequency noise of the master laser should be the same as Figure 4.17; therefore, the
frequency stability of the injection-locked laser is limited by the master laser, as predicted by the
theoretical model of injection locking.
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4.4.8 Frequency noise spectra for s and p polarization
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Figure 4.20: Frequency noise of the injection-locked laser for s- and p-polarized input light.
　

Figure 4.20 shows the frequency noise of the injection-locked laser for s- and p-polarized incident
light into the PMC. The spectra for the two input polarizations matched each other; thus the measured
spectra should be those for the same quantity because the spectrum was independent of the finesse, or
the cavity sensitivity to the environmental perturbations.
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4.5 Discussions

4.5.1 Mode cleaning effect of the PMC

According to Figure 3.17 and Figure 4.12, the spatial mode of the transmitted beam improved slightly
at the center of the cross section, though not significantly.

The CCD image for the transmitted light exhibits a round beam shape compared to Figure 3.16.
Though the effect is not as clear as the Willke’s report, the mode cleaning for the transmitted light was
achieved with the PMC.

4.5.2 Frequency stability of the injection-locked laser

The frequency noise of the injection-locked laser was 2× 102 Hz Hz−1/2 at 100 Hz and was suppressed
to 7 × 10−1 Hz Hz−1/2 at the same frequency as shown in Figure 4.17. The shot noise for the current
configuration is 4 × 10−4 Hz Hz−1/2 assuming s-polarized input light of P = 10 mW and η = 1 for
Equation (4.4). Since the feedback gain was 50 dB at 100 Hz, we need to increase the gain by three
orders of magnitude to achieve a shot noise limited frequency stability.∗

The noise level of 2 × 102 Hz Hz−1/2 is just comparable to the empirical frequency stability of
NPRO, which is expressed in the form†

δνNPRO ∼ 102

( f /100 [Hz])

[
HzHz−1/2

]
. (4.9)

Here, the prediction is based on reported experimental results37, 38, 78, 107–109). The actual frequency
dependence of the NPRO can differ from the relation by a certain factor.

When comparing the measured frequency stability with the empirical prediction, we can see that
the master laser completely controlled the frequency property of the injection-locked laser, since it
suppressed the frequency fluctuation of the free-running slave laser to the stability level of the master
laser, as shown in Figure 4.19.

Therefore, the requirement for the frequency noise of the injection-locked laser has been fulfilled.
Also good controllability of the injection-locked laser has been confirmed since the relative frequency
noise was suppressed by modulating the master laser frequency. Thus, the techniques currently adopted
in the detectors can be applied to further frequency stabilization of the injection-locked laser.

To the best of my knowledge, this work is the first demonstration of frequency stabilization using a
laser with an output power exceeding 100 W. Frequency stability investigation using a mode-analyzer-
cavity was suggested by Frede41), however, the result has not been published yet.

The poor frequency stability at the lower frequencies in Figure 4.18 was caused by an unknown
noise source. Although the source has not been identified, there are possible causes as follows:

First, the PZTs and the Viton attached to the spacer is one of the causes for the degradation of
the cavity stability. The end mirror will be fixed to the spacer with epoxy to eliminate the possible
instability by the structure.

∗The frequency stability mentioned here is in absolute unit. Another more stable reference will be needed if the stability
is to be evaluated.

†Note that there is no rigorous theoretical model to predict the frequency stability in the form of Equation (4.9).
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Second, the beam undergoes a long path (more than 5 m) folded by steering mirrors before it is
incident on the PMC, which should be vulnerable unexpected disturbance. It is also exposed to the air
flow during the travel.

The spring stage for the seismic motion isolation should be improved in order to stabilize the
PMC. Nakagawa77) reported similar frequency stabilization experiments using linear optical cavities
that were suspended by pendulums. He compared the absolute frequency stabilities with and without
the suspensions, which showed that the absolute stability of the stabilized laser was strongly dependent
on the seismic isolation. Without any seismic isolation, the absolute frequency stability of the stabilized
laser was on the order of 102 Hz Hz−1/2, comparable to the typical stability of NPRO.

Another possible source might be the residual acoustic noise. The pressure in the sealed chamber
was 101 Pa during the measurements in this work; further evacuation using an ion pump might affect
the cavity stability.

For future work, the frequency stability of the injection-locked laser can be evaluated by measur-
ing a beat note between the injection-locked output and the phase-shifted master laser, as conducted
by Ottaway105). The output signal will show the residual phase difference between the master and
injection-locked laser.

4.5.3 Possibility for application of the PMC in LCGT

Although the injection-locked laser has been fully characterized with the PMC, the stability of the PMC
itself should be investigated more closely.

According to the estimation by Nagano and Moriwaki110), the frequency stability after transmitted
through the MC1 is approximately 100 Hz Hz−1/2 at 1 kHz. The PMC fulfills this requirement because
the upper limit of the stability is set by the frequency noise in Figure 4.17‡. Thus, the PMC stability is
comparable to the noise level of 100 Hz Hz−1/2 at worst.

Therefore, taking account of the experimental results and the requirement for the transmitted light
through the MC1, both topologies of the PMC in Figure 4.2 are possible from the viewpoint of fre-
quency stability.

However, the UGF in this experiment is limited to 7 kHz, and hence the frequency stability of
the injection-locked laser or the PMC at higher frequencies can not be evaluated only by the results.
Improvement of the feedback servo is required to extend the control bandwidth so that we can measure
the frequency stability of the injection-locked laser and the PMC at higher frequencies.

Also, it is crucial to identify the cause for the non-stationary noise that appeared in the frequency
noise spectra. If it is due to a perturbation to the PMC, it should be located in a quieter environment.
Further study on the PMC performance is required.

‡If we assume a large fluctuation of the PMC, Equation (4.2) yields a signal of the frequency noise limited by the reference
stability.
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4.6 Summary

I have characterized the frequency performance of the injection-locked laser.

• Frequency stability of the injection-locked laser is limited by that of the master laser, as predicted
by the theoretical model of injection locking.

• The frequency noise of the injection-locked laser has been suppressed to the level of 10−1 Hz Hz−1/2

at 100 Hz, which is the first demonstration of frequency stabilization using an injection-locked
laser with an output power exceeding 100 W.

Further investigation is needed for improving the frequency stabilization of the injection-locked laser.
Also we need to investigate the PMC performance more closely to determine the control topology in
LCGT.



Chapter 5

Conclusions

5.1 Conclusions

• The optimized linear cavity laser was expanded to the ring laser with another identical laser
module and the expected laser performance was achieved. Thus, it has been proven to be feasible
to construct a ring laser by expanding an optimized linear cavity laser.

• Unidirectional operation of the ring laser was achieved with the intracavity Faraday rotator. Com-
plete suppression of the reverse wave and the gain competition was confirmed by the intensity
noise. Enforcing unidirectional oscillation with an intracavity Faraday rotator is therefore suit-
able to characterize a bidirectional ring laser output.

• I have succeeded in generating an output power of 100 W for an excellent beam quality with
injection locking.

– Continuous wave with an output power of 100 W

– Single-frequency oscillation

– Spatial beam quality of diffraction limit (M2
hor = 1.11, M2

ver = 1.13)

– Linearly polarized in the horizontal plane with the polarization ratio better than 1:35

– Intensity stability comparable to those of the current lasers

– Frequency stability limited by the master laser

Therefore, the injection-locked laser has fulfilled all the requirements for the first stage of the
LCGT laser.

• Frequency controllability of the injection-locked laser has been confirmed, including the 100-W
power level. The frequency stability of the injection-locked laser was limited by the master laser,
as predicted by the theoretical model of injection locking.

• The relative frequency stability of 7×10−1 Hz Hz−1/2 at 100 Hz has been achieved for the 100-W,
injection-locked laser. To the best of my knowledge, this is the first demonstration of frequency
stabilization using an injection-locked laser with an output power of 100 W.

• The PMC performance has been proven to be sufficiently stable for the use in LCGT in terms of
the frequency stability.
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5.2 Future work

I will improve the injection locking system as follows:

• Install a wide dynamic-range frequency actuator in the slave cavity of the injection-locked laser
to compensate for the frequency drift.

• Redesign the servo filter to achieve a higher UGF.

The frequency stabilization system will be improved as follows:

• Improve the servo filter to achieve a higher UGF and thus lower suppressed frequency noise at
the error point.

• Extend the control bandwidth by using an external EOM.

• Install a damper in the two-stage spring of the PMC.

• Glue the end mirror of the PMC to the spacer to improve the frequency stability.

• Replace the PMC spacer with one made of ULE to reduce thermal expansion caused by temper-
ature fluctuation.

I will construct a MOPA system using the injection-locked laser as a master laser.

• Achieve an output power of 150 W with a good beam quality.

• Stabilize the intensity fluctuation of the MOPA output by modulating the amplification ratio.

• Evaluate and improve the total performance of the laser with the injection locking and MOPA to
fulfill all the requirements for the LCGT laser.



Appendix A

Other possible light sources for future
detectors

In this work, a side-pumped Nd:YAG rod was used as the laser medium. However, there are other
candidates for the laser source of LCGT. Characteristics of lasers are reviewed and possibilities of
applying them to future detectors are examined in this section.

A.1 Factors to determine the laser configuration

In order to monitor small displacement with a Michelson interferometer, a laser with a short wavelength
is preferable as the light source. On the other hand, light with shorter wavelengths are vulnerable to
Rayleigh scattering, in which the scattered intensity is proportional to λ−4. Therefore, for the purpose
of a gravitational wave detector a laser with frequency from visible to infrared region are the best
candidates.

In practice, decisions concerning which type of laser to use in an interferometric detector of gravi-
tational waves depend on the following factors:

1. Laser material which is resistible to high internal power and possesses good optical quality.

2. Pumping source to generate continuous radiation with high output power.

3. A master laser at the wavelength of the light source, for either case of injection locking or MOPA
(no laser should oscillate at a single frequency at 100 W without aid of these techniques).

4. Low intrinsic noise.

5. Reliability for long-term observation of gravitational waves, which will be on the order of several
thousand hours continuously.

6. Compactness and efficiency.

7. Optical components of high quality for the interferometer, available at the wavelength of the
selected laser material.

From a practical viewpoint, solid-state lasers, fiber lasers and diode lasers are the most promising
light sources for gravitational wave detectors, and thus the topics concentrated in the following sections.
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Material λLO (nm) λP (nm) ηQ (%) κ (W/cm K) σ (cm2) τ (μs)

Nd:YAG 1064 808 76 0.14 2.8×10−19 230
Nd:YVO4 1064 808 76 0.05 15.6 90
Nd:Glass ∼1060 ∼ 800 75 0.01 0.4 315
Yb:YAG 1030 940 91 0.14 0.21 850

Table A.1: Properties of laser materials. λLO is the wavelength of laser oscillation, λP is the wavelength
of pumping radiation, ηQ is the quantum efficiency defined as the ratio of the laser oscillation wave-
length to the pumping wavelength, κ is the thermal conductivity, σ is the stimulated emission cross
section and τ is the fluorescence lifetime.

A.2 Laser materials

Table A.1 summarizes the properties of typical solid-state laser materials used for DPSSLs, fiber lasers
and fiber amplifiers at 1 μm111, 112).

In designing a laser system, one should take account of stimulated emission cross section (σ) and
fluorescence lifetime (τ), which determine the property of a laser. A larger cross section is preferable
to construct a compact and efficient laser or amplifier since the small signal gain g0 is proportional to σ

g0 = σΔN, (A.1)

where ΔN is inverted population in a laser medium.
The saturation intensity of a four energy level laser is expressed in the form

Is =
hν
στ
, (A.2)

which shows that the saturation intensity is inversely proportional to σ × τ; a larger value of the cross
product is thus desirable because saturated amplification can be achieved at relatively lower intensity
in a MOPA system.∗

Good thermal conductivity is also an important factor for a high-power laser due to the limit
thermally-induced effects often have on the output power of a laser.

A.2.1 Nd-doped materials

Nd3+-doped materials have a good spectroscopic characteristics of a high absorption peak around 800
nm and can be excited efficiently by diode lasers at the frequency band.

Nd:YAG laser has an optically isotropic host material with high thermal conductivity and high
thermal fracture limit; and thus it is widely accepted.

Nd:YVO4 has a large cross section of stimulated emission and is suitable for a disc laser due to the
high absorption coefficient at the pumping wavelength113–115). The host material is a uniaxial crystal
with the polarization of laser output determined by the natural birefringence. Nd:YVO4 has, however,
some drawbacks: the short fluorescence lifetime, which reduces the cross product of σ and τ, and low
thermal conductivity. The VIRGO project is using a 20-W Nd:YVO4 laser as the light source.

∗However, a laser medium with larger σ has, in general, lower τ and it is not easy to increase both of the parameters
independently.
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Although thermal conductivity is less than Nd:YAG by an order of magnitude, Nd:Glass lasers have
good properties of high concentration of the dopant, isotropic structure and flexibility to fabricate in a
large size, suitable for application of laser fusion rather than precision metrology.

A.2.2 Yb-doped materials

Yb3+-doped materials have a large cross section of emission and thus a large absorption coefficient.
This property enables laser oscillation with a thin crystal such as disc lasers.

Another merit to using a Yd-doped material involves the high quantum efficiency of as high as 91
%. Due to the high quantum efficiency, thermal load in the Yb:YAG crystal can be reduced by a factor
of 3 compared with Nd:YAG116), which is a preferable characteristic when building a high-power laser.

In scaling the output power, the wide fluorescence linewidth of 8.5 nm (for Yb:YAG) is an obstacle
to achieve single-frequency oscillation. The difficulty can be circumvented by using, for instance, an
etalon in a disc laser or a distributed grating in a fiber laser. Also injection locking will, in principle, be
able to suppress the other frequency modes across the wide spectral band.

A.2.3 Ceramic materials

Recently, the excellent optical quality of ceramic lasers has been improved. The output power from a
ceramic Nd:YAG laser was proven to be comparable to the power from crystal Nd:YAG lasers112, 117, 118).
The advantages of ceramic materials are: (1) easy and fast to fabricate, (2) flexible in designing the
shape, (3) possible to highly concentrate a dopant material, (4) scalability of the material size (two-
dimensional), (5) less expensive compared to crystalline materials, which are desirable for the purposes
of industrial processing.

However, since the optical quality is just compatible to crystals’, the advantages do not raise strong
motivations to use ceramic materials for the side-pumped rod system. A possible application of ceramic
materials would be mode controlling laser oscillation by making an internal gain distribution, which is
difficult to fabricate with conventional method of crystal growth.

A.2.4 Diode lasers

Semiconductor lasers are now very reliable source of strong radiation and could be used for our purpose.
High-power diode lasers are usually packaged in an array to increase the output power as a whole; the
spatial distribution is broadened rather than diffraction-limited. Also, the frequency of the laser diodes
are usually multi-mode. Little research has been conducted to operate it in a single longitudinal mode
with high-power semiconductor lasers. Thus, diode lasers are not yet applicable to a gravitational wave
detector.

However, there is a possibility that a diode laser itself can be used as a light source in gravitational
wave detection, not as a pumping source, if issues of the output power and the frequency are solved in
the future.
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A.3 Laser configurations

A.3.1 Rod lasers

A rod medium is less expensive, easy to grow, polish and coat, simple and easy to obtain. Due to the
axial-symmetric shape of the laser medium, the circular spatial distribution of the output intensity can
be easily achieved.

A side-pumped rod laser system has the advantage of uniform pumping and scalability of the output
power. On the other hand, there is no structure to avoid the thermal birefringence and thermal lensing
and thus compensation for thermally induced effects is indispensable for a rod laser.

High efficiency and a gain-guided aperture are of great advantage to an end-pumped rod laser
system due to the collinear geometry of the pump radiation to the laser oscillation. However, the non-
uniform absorption along the optical axis makes it difficult to scale the output power in the end-pumped
configuration. In recent years, thermal distortion in the end-pumped configuration is reduced by using
a rod with diffusion-bonded end-caps, which contain no active material doped41, 119).

A.3.2 Slab lasers

Laser materials in slab shape are widely used in constructing high-power lasers or high-power MOPA
systems in side-pumped120–122), edge-pumped123, 124) and end-pumped geometries125).

Thermal effects in slab lasers are averaged and reduced by folding the optical path in the medium.
However, the averaging effect in turn causes complex distribution of thermal load at higher pumping
power. Since the complex thermal distortion is imposed on during the zigzag path in the medium, the
effect can hardly be compensated for.

A.3.3 Disc lasers

A disc-shaped laser medium is used as an active mirror113, 115). Due to the geometry, the thermal load
can be extracted from the back surface of the laser medium and the temperature can be stabilized by
conduction cooling.

A 50-W, diffraction-limited, single-frequency laser in this configuration is commercially available126).
However, the active mirror configuration limits scalability of power with good beam quality. Also sin-
gle frequency operation with an intracavity etalon decreases the output power significantly.

A.3.4 Fiber system

In a fiber laser, or a fiber MOPA system, there is no thermal distortions because of the extremely
high aspect ratio. The main limitation imposed on a high-power fiber system is due to the nonlinear
effect of stimulated Brillouin scattering (SBS) resulting from interaction with phonon and the optical
power confined in the core dimension. Since the amplitude of nonlinear scattering is proportional to
the internal power density, the highest output power available from the fiber system is dependent on the
fiber core diameter; the larger the diameter is, the more the available power will be. On the other hand,
the larger diameter allows propagation of higher-order spatial modes in the fiber. Therefore, dimension
of the fiber for building a high-power laser system should be carefully chosen70).

Fiber laser is a promising light source for future detectors. A fiber laser system has been investi-
gated for the LCGT laser by a research group at the University of Electro-Communications.
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A.4 Discussion

When one should design a laser system, there is no absolute criterion to determine the configuration.
Advantages and drawbacks of a laser geometry are dependent on the way he or she thinks what is the
best to achieve the goal.

In this work, the following criteria are the primary factors to choose the laser geometry:

• How much effort to achieve a 100 W, single-frequency, TEM00 oscillation.

• Simplicity for the system so that it can be maintained easily.

I consider that there is no other choice but injection locking or MOPA to achieve single-frequency
oscillation at 100 W, and thus I take no account of gratings and etalons. Inherent mode selectivity is
desirable for a laser configuration, but intracavity apertures can be used if needed.

As mentioned previously, using Yb:YAG as a laser medium can reduce thermal load significantly
compared to Nd:YAG. Since thermal lensing determines the maximum pumping power for the current
design of the slave laser, the operation pumping power might be shifted even to a higher region by
replacing the Nd:YAG rods with Yb:YAG rods. The problem which prevents us from investigating
Yb:YAG as the promising laser medium for gravitational wave detectors is that the wavelengths of
laser oscillation and optical pumping are different from those of Nd:YAG, which leads to absence of
a master laser for injection locking or an efficient pumping source at the wavelengths. A Yb:YAG
fiber laser could be used as the master laser for injection locking or MOPA. If these difficulties are
circumvented, a Yb:YAG laser would be suitable for a future detector which is designed specifically
for the wavelength of 1030 nm.

Figure A.1 shows a comparison between laser configurations: note that this is not a general dis-
cussion to compare laser geometries, but it focuses on high-power, single-frequency lasers with good
beam quality suitable for the use in gravitational wave detectors. Therefore, the charts are based on the
current status of high-power laser developments for each geometry as well as the inherent advantages.†

According to the charts, the end-pumped rod, side-pumped slab and disc lasers are apparently
not suitable for a high-power laser system. Thermal distortion of the end-pumped rod laser can be
circumvented by using an end-capped rod, which depends on, however, the quality of the bonding and
thus not such a simple scheme to construct a high-power laser.

Intensity noise at high output power is determined by the pumping fluctuation in solid-state lasers.
Since diode lasers are used to pump laser media in most cases, there is no significant difference in
inherent intensity noise among the laser configurations.

A.5 Conclusion

Side-pumped Nd:YAG rod laser was the best choice in 2001, when the development of the LCGT laser
started. However, progress in high-power lasers since then has brought possibilities of applying other
lasers to future detectors. The most promising candidates are diode lasers, Yd:YAG lasers and fiber
lasers. It is highly possible to use one of these lasers as the light source of next-generation gravitational
wave detectors if all technical problems are solved in the future.

†For instance, a side-pumped rod system does not generally possess spatial mode selectivity. However, since single
transverse mode oscillation was achieved in this work, SBQ of the side-pumped rod laser scores high.
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Figure A.1: Comparison between geometry-dependent performances at an output power of 100 W.
The criteria to score each term are as follows: Scalability of power (SOC): capability of scaling the
output power to over 100 W by adequate techniques and designs, which is not limited by the laser
structure itself; Spatial beam quality (SBQ): inherent mode selectivity for the configuration; Thermal
property (THP): capability of compensating for thermally induced distortions; Compactness (CPT):
compactness of the device on the optical table to perform experiments; Efficiency (EFF): total efficiency
of the system. Since good performance was achieved in this work, the side-pumped rod laser scores
high.

　



Appendix B

Formulas of noise in LCGT

B.1 Seismic noise

The seismic noise at the LCGT site was measured to be as follows:

Gseismic =
10−9

f 2

[
m Hz−1/2

]
, (B.1)

which is lower by two orders of magnitude compared to the TAMA site. A seismic attenuation system
and a SPI will reduce the seismic noise; the expected isolation ratio is

Hisolation =
10−3

f 10
. (B.2)

Therefore, the seismic noise of LCGT is expected to be

hseismic =
2
L

HisolationGseismic (B.3)

= 2 × 10−12 1
L

1
f 12

[
Hz−1/2

]
, (B.4)

where L = 3 km is the arm length of LCGT.

B.2 Thermal noise

Since thermally excited fluctuation of optical components of an interferometer can simulate a grav-
itational wave signal, the fluctuation should be reduced below the expected signal level of a target
gravitational wave.

There are two sources of thermal noise: one is thermal noise of suspensions, the other is thermal
noise of mirrors.

The thermal noise of the suspension can be calculated by

hsus =
2
L

√
4kBTP(2π fpen)2

mQpenω5

[
Hz−1/2

]
, (B.5)
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where kB is Boltzmann’s constant, TP is the temperature of the suspension system, fpen is the resonant
frequency of the suspension, m is the mass of the mirror and Qpen is the Q value. The Q of the
suspension is

Qpen =

(
n
√

T EwireI
2mglsus

φwire

)−1

(B.6)

where n is the number of the suspending wire, Ewire, Isus, φwire are Young modulus of the wire, length
of the suspension and the loss angle of the wire, respectively. T is the tension of each wire:

T =
mg
n
, (B.7)

and I is the moment of the wire with a diameter of dwire:

I =
πd4

wire

64
. (B.8)

The thermal noise of a mirror of an isotropic medium is caused by structural damping (hmirror(structure))
and thermoelastic damping (hmirror(thermo)) of the substrate, and mechanical loss of the mirror coating
(hmirror(coating)). Each noise can be evaluated according to the formula:

hmirror(structure) =
2
L

√
4kBTm(1 − σ2)√
πE0ω0Qmirrorω

[
Hz−1/2

]
, (B.9)

hmirror(thermo) =
2
L

√
2√
π
α2(1 + σ)2kBT 2

m
1

(κρC)1/2

1

ω1/2

[
Hz−1/2

]
, (B.10)

hmirror(coating) =
2
L

√
8kBTm(1 + σ)(1 − 2σ)dcoatingφcoating

πω2
0E0ω

[
Hz−1/2

]
, (B.11)

where L is the arm length, Tm is the temperature, σ is the Poisson ratio, E0 is the Young modulus, ω0

is the radius of the beam size, Qmirror is the Q factor, α is the expansion coefficient, κ is the thermal
conductivity, ρ is the density, C is the specific heat (these parameters are all mirror’s), φcoating is the loss
angle of the coating and dcoating is the thickness of the coating. The total thermal noise hthermo is

hthermo =
√

h2
sus + h2

mirror(structure) + h2
mirror(thermo) + h2

mirror(coating) . (B.12)

B.3 Shot noise

For the configuration of LCGT, the shot noise can be calculated by the formula:

hshot =

√
�λ fcut

2LPcavity

(
1 +

f 2

f 2
cut

) [
Hz−1/2

]
, (B.13)

where � is Planck’s constant, λ is the wavelength of the light, fcut is the bandwidth of the interferometer,
L is the arm length and Pcavity is the total circulating power in the arm cavity. fcut and Pcavity are
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connected to the interferometer parameter by

fcut = GSR fcavity, (B.14)

Pcavity =
2F
π

GPRP0, (B.15)

where GPR is the power recycling gain, F is the finesse of the arm cavity, GSR is the signal recycling
gain and P0 is the incident power. fcavity is the cut off frequency of the simple Michelson interferometer
of

fcavity =
c

4LF . (B.16)

B.4 Radiation pressure noise

The radiation pressure of LCGT can be calculated by

hradiation =
1
L

4
mω2

√
hPcavity

λL fcut

1√
1 + ( f / fcut)2

[
Hz−1/2

]
, (B.17)

where m is the mass of the mirror.
According to the uncertainty principle, the shot noise and the radiation pressure noise cannot be

independently reduced, but there is limitation imposed on the geometric mean of these noises, that is

hSQL =
√

2 hshot hradiation (B.18)

=
1

Lω

√
8�
m
. (B.19)

Here, hSQL is called the standard quantum limit (SQL) of the interferometer, which gives the theoretical
limit of the sensitivity. The SQL cannot be reduced unless the mass of the mirror is increased or the
arm length is extended. Although the amplitude of the SQL is independent of the laser power, the
crossover frequency, at which the dominant noise is taken over by the other, is determined by the laser
power and the power recycling gain. In LCGT, this crossover frequency is tuned around 100 Hz, and
the shot noise dominates in the higher frequency region, on the other hand the radiation pressure noise
dominates in the lower frequency region.
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