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Summary

Large scale laser interferometric gravitational wave detectors are being con-
structed by research teams worldwide. The Japanese TAMA 300 interferome-
ter is operational but still under development, the American LIGO detector is
operating in a preliminary mode, the British-German GEO 600 interferometer
is close to being fully operational and the French-Italian VIRGO project is not
far behind. The development of these detectors is possible after nearly 30 years
of research using smaller prototype interferometers. The Glasgow prototype
interferometer has allowed the development of techniques relevent to all large
scale detectors.

This thesis describes recent experiments performed using the Glasgow proto-
type interferometric gravitational wave detector to convert its laser and optics
to operate at 1064nm. This infra-red conversion brings it into line with the
large scale detectors which will all operate with infra-red lasers. Associated
with this conversion were related experiments testing optical components for
GEO 600.

An injection locked Nd:YAG laser system was constructed and characterised
as the new laser source for the interferometer. Experiments to stabilise and
measure the frequency noise properties of the laser were performed, using one
of the Fabry-Perot cavities which make up the interferometer as a frequency
analyser. The transference of the frequency properties of a highly stabilised
master oscillator to the high power injection locked slave laser was verified. A
measurement of the frequency noise around the relaxation oscillation of a Non
Planar Ring Oscilator was performed and a new upper limit set.

The detector was operated with the new laser source and the displacement



sensitivity was close to being shot noise limited. A direct measurement of
the thermal noise of a mirror mass was made by damping its mechanical Q-
factor, thus making thermal noise the limiting noise source to the detector
displacement sensitivity.

A new detector displacement calibration technique was demonstrated using
radiation pressure from a low power laser to move one of the detector mirrors.
This was shown to be suitable as a calibration method for large scale detectors.
GEO 600 optics were characterised and shown to be suitable for use. A new
Brewster polariser was shown to have very low optical losses while maintaining
a high extinction ratio. The additional phase noise around an electro optically
applied phase modulation of the laser field was performed and shown to be at
a level below that required for GEO 600.

Finally experiments to make a single frequency Yb:YAG laser system are de-
scribed. Yb:YAG may be the gain medium of choice for future detector up-
grades where very much higher power lasers are required. A single frequency
Yb:YAG source was required for testing high power Yb:YAG amplifiers which

are currently being developed.
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Preface

This thesis is an account of the work carried out between October 1997 and
December 2000 with the Glasgow 10 m prototype interferometric gravitational
wave detector and on associated experiments.

Chapter 1 contains a brief introduction to gravitational waves including how
they interact with matter and possible sources. This is derived from published
literature.

Chapter 2 contains definitions essential to the description of Fabry-Perot cav-
ities. Further an outline of the Glasgow 10m prototype gravitational wave
detector is given. The equations presented can be found in many books on
optics.

Chapter 3 describes the injection locked Nd:YAG laser system built as the
new light source for the interferometer. The properties of this laser system are
presented. This work was carried out under the supervision of Dr. G. Newton.
Chapter 4 describes experiments to stabilise and measure the frequency proper-
ties of the injection locked laser. These experiments used the two Fabry-Perot
cavities in the 10 m interferometer as a frequency reference and analyser. These
experiments were performed mainly with Dr. K. Skeldon and Dr. G. Newton.
Chapter 5 describes measurements of the frequency noise around the relax-
ation oscillation frequency of a Non-Planar Ring Oscillator. This again used
the Fabry-Perot cavity in one arm of the detector as a frequency analyser to
improve on previous measurements by almost an order of magnitude. These
experiments were performed with Dr. K. Skeldon and Dr. G. Newton.
Chapter 6 describes experiments to measure the displacement sensitivity of

the interferometer using the new laser system. Experiments to measure the

v



thermal noise of a heavily damped test mass were then performed. The sen-
sitivity measurements were made mainly with Dr. K. Skeldon, Dr. G. Newton
and Mr. B. Barr.

Chapter 7 describes a new technique for calibrating the prototype detector
using photon pressure. This has been suggested as a possible calibration tech-
nique in the past but this was the first time the experiment was performed
with the detector. This experiment was performed with Dr. K. Skeldon and
Dr. G. Newton. The frequency response of the mirror to the radiation pressure
force was calculated by Dr. G. Newton.

Chapter 8 describes experiments to measure the properties of optical compo-
nents for the GEO 600 gravitational wave detector. These measurements were
performed under the supervision of Dr. G. Newton. The polarisers were tested
at the Laser Zentrum Hanover with the GEO 600 high power laser source with
the assistance of Dr. O. Brozek. The experiments on the Brewster prism were
performed with Dr. G. Newton, Dr. K. Skeldon and two undergraduate project
students: Mr. M. von Gradowski and Miss S. Thieux.

Chapter 9 describes an experiment to measure the phase noise imposed on a
laser beam around an electro-optically applied phase modulation. This exper-
iment was performed under the supervision of Dr. G. Newton.

Chapter 10 describes experiments performed during a two month visit to the
Ginzton Lab., Stanford University. The laser described was developed from

an initial design by Mr. T. Rutherford.
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Chapter 1

Theory

1.1 Introduction

The existence of gravitational radiation was first proposed by Einstein in his
theory of General Relativity in 1916 [1]. He predicted that a varying gravita-
tional field emanates from any object with a time varying quadrupole moment.
The gravitational field propagates as a wave with a velocity equal to the speed
of light.

Observations of the decay in the orbital period of pulsar PSR1913+16 provided
the first experimental evidence of the existence of gravitational radiation [2]
but direct detection has not yet been achieved. Experiments toward the direct
detection of gravitational waves have been advancing since 1960, but due to
the very high degree of measurement sensitivity required, they have so far
not yielded gravitational wave signals. Developments of new techniques have
allowed detectors with the necessary broadband sensitivity to be designed and
these are either online or due to come online within the next few years [3, 4,

5, 6]. These detectors should allow direct observations to be made.
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Figure 1.1:  The effect on a ring of test particles of a gravitational wave passing

perpendicular to the page. The effect of the two polarisations is shown.
1.2 Interaction of Gravitational waves with
matter

In order to detect gravitational waves it is necessary to understand their gen-
eration and how they interact with matter. First it is useful to compare grav-
itational radiation with electromagnetic radiation. Electromagnetic waves are
produced by acceleration of charge and are dipole in nature. For gravitational
radiation, conservation of mass prohibits monopole radiation in a similar way
to conservation of charge prohibiting monopole electromagnetic radiation. Fur-
ther, in the case of gravitational radiation, the absence of negative mass pro-
hibits dipole radiation, so it is quadrapole in nature. Sources of gravitational
radiation must therefore display a time varying quadropole moment.

Gravitational waves can be split into two polarisations commonly labeled A
and hy. Traditionally the effect on a ring of test particles by the passage of
a gravitational wave is used to demonstrate the interaction with matter. As

shown in Figl.1 a gravitational wave passing perpendicular to the plane of



the page will distort the ring of particles. As the wave passes through one
cycle, the ring is contracted in one axis while expanding in the other then
vice-versa as the period is completed. The orientation of the axis depends on
the polarisation of the wave. The separation of the particles L in the absence of
gravitational radiation is increased to a maximum of L+ AL and decreased to a
minimum of L—AL during the passage of a gravitational wave. A gravitational

wave of suitable polarisation can be characterised by an amplitude h given by

_2AL

=7

(1.1)

where h is the strain induced on space.

1.3 Sources of Gravitational Waves

As stated earlier gravitational waves are produced by objects with a time
varying quadropole moment. It is interesting to first consider a lab based
gravitational wave generator described in [7]. Consider a 10 m long rod, fixed
to a pivot such that it can rotate about its centre, with a mass 1000 kg fixed
to each end. If the beam rotates about its midpoint at 10 Hz then the system
emits gravitational waves with an amplitude A ~ 107*3. This means a ruler of
length 10m will display a length variation of order 107*? m during one cycle
of gravitational radiation which would be impossible to detect in a lab based
experiment. Astrophysical events involve very large masses and accelerations

and provide sources which offer the best chance of detection.

1.3.1 Supernovae

Supernovae are categorised as either type I or type II. Type I supernovae are
thought to result from the nuclear explosion of a white dwarf star after it has
accreted too much matter to remain stable. The core may become a neutron

star after the explosion. Type II supernovae are predicted to occur when the

3



core of a massive star collapses to a compact object sending a shockwave out-
ward through the star causing it to explode. In both cases if the collapse was
symmetrical then no gravitational radiation would be produced, however the
angular momentum of the star is believed to increase rapidly during collapse
which would probably lead to asymmetry and so to the generation of gravi-
tational waves [8]. The amplitude of a gravitational wave emanating from a
supernova which emits energy FE in the form of gravitational radiation at a
frequency f in a time 7 has been calculated to be

E ]1/2 [lkHz] [ T ]‘1/2 [15Mpc]
103 Mgc? f 1 ms r

at a distance r from the source [9]. My is the mass of the sun and 15 Mpc is

(1.2)

thxlO‘n[

the distance to the Virgo cluster.

1.3.2 Coalescing Binaries

A binary system consists of two stars orbiting about their centre of mass. The
rotational period of the binary system decreases as energy is emitted from the
system in the form of gravitational waves. In the final few moments before
coalescence the rotation frequency increases rapidly and emits a characteristic
chirp gravitational wave signal. The strain amplitude of this chirp gravitational

wave signal is [9]

ha~ 1072 [
M© 100 Hz r

M 13 2 r100M

| o) ] 03
where f is the orbital frequency of the binary system, r is the distance from
the earth and M is the chirp mass defined as

(Ml M2)3/5

M=
(My + M)/

(1.4)

where M, and M, are the masses of the two stars. The binary system studied
in [2] is a pulsar with a neutron star companion. Its orbital period of 7.75 hours

will increase until coalescence occurs in ~ 3.5 x 10® years.
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1.3.3 Continuous sources

Pulsars and other rotating neutron stars could provide continuous sources of
gravitational radiation if the star is non-axisymmetric. The equatorial eccen-
tricity € defines the asymmetry of the star. An estimate of the strain amplitude
resulting from a pulsar is [10]

2
~ —25 frot ].kpC [ & :|
e [ | L] 05

where f,.;: is the rotational frequency and r is the distance from earth. These
continuous sources allow detectors to operate over long integration times and
so improve the signal to noise ratio and improve the chance of gravitational
wave detection.

Normal modes of neutron stars could provide another continuous source of
gravitational radiation. The gravitational radiation would be at too high a
frequency for current detectors to see but future developments may allow ob-
servation [7]. Recently the r-mode instability of neutron stars [11] has caused
considerable interest. The r-mode is a normal mode of a neutron star which is
unstable to gravitational radiation. Current estimates indicate that the result-
ing gravitational wave strain amplitudes will be too small for current detectors

but future upgrades may allow detection [12].

1.4 Gravitational wave detectors

There are predominantly two types of gravitational wave detectors, narrow

band bar detectors and broadband laser interferometric detectors.

1.4.1 Bar detectors

The development of resonant bar detectors was pioneered in the 1960s by

Weber, and work on these continues at several locations worldwide.



A bar detector typically consists of a bar with physical properties such that
its fundamental resonant frequency lies in the range 500 Hz to 1.5kHz gener-
ally centred on a frequency where there is an expected source of gravitational

radiation. A passing gravitational wave will expand the bar of length { by
0l ~ hl (1.6)

where [ is the length of the bar and 4 is the gravitational wave amplitude. It is
not possible to measure this motion directly since a motion sensing transducer
will also be affected by the gravitational wave. However if a burst of gravita-
tional radiation has a frequency that matches the resonant frequency of the
bar, the then the bar will ring with a decay time dependent on the materials
internal )-factor. This ring becomes a measurable quantity.

The gravitational wave signal is masked by a number of noise sources. Acoustic
and vibrational excitation of the mass is reduced by suspending it from vibra-
tion isolation stages and placing the bar in a chamber held under vacuum. At
room temperatures thermal motion in the mass dominates the gravitational
wave induced signal. For this reason the bars of modern detectors are held
at temperatures around 100 mK to reduce the thermal noise. The vibration

amplitude due to thermal noise is [7]

kT

Oms =\ Gmeri 2

(1.7)

where M is the mass of the bar which is at temperature T. Even at such
low temperatures this is approximately 1000 times greater than the amplitude
due to gravitational waves. A sudden excitation of the mass at its resonant
frequency wp will decay in amplitude with a time constant 7. A thermal
excitation takes a time 7 to change by its full amplitude. So if the material
has large decay time 7 or equivalently high internal quality factor @), then the
thermal noise amplitude over timescales which are short in comparison to the

decay time 7 is small. Typical values of @) for bar detectors are of order 10°
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with decay time T = %% or 200 s for w = 2m x 1000 Hz. A gravitational wave of
frequency 1 kHz will change the dimensions of the bar over timescales of 1 ms,
allowing its effect to dominate over the thermal noise.

Modern bar detectors operate at very low temperatures. The first of these
at Stanford University was damaged in the 1989 earthquake and was shut
down. Other detectors have been developed by research groups worldwide;
EXPLORER (13] at Cern, Switzerland, ALLEGRO [14] at Louisiana State
University, NIOBE [15] in Perth, Australia, AURIGA [16] in Padua, Italy and
NAUTILUS [17] in Rome. The best sensitivity was achieved with AURIGA
and NAUTILUS was h ~ 4 x 10‘19/@ with a bar temperatures of 250 mK
and 100 mK respectively [18].

Recently an experiment to try and measure burst sources of gravitational waves
in a data run using all five sensitive bar detectors was performed. The typical
sensitivity was h &~ 5 x 107%% at approximately 1 kHz using the data from all

five detectors [19].

1.4.2 Laser interferometric detectors

In the 1970’s construction of laser interferometric detectors was begun. The
basic operation of these detectors can be understood with reference to Fig1.2.
The two arms of the Michelson interferometer lie perpendicular to each other
such that a passing gravitational wave introduces a differential length between
the arms. If the recombined light field at the output port of the interferometer
is set on a dark fringe, then a gravitational wave is measured as a deviation

from this condition.
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Figure 1.2: A Michelson interferometer. The gravitational wave increases the
length of one arm while decreasing the other and then vice-versa during one
period. If the output port is held on a dark fringe then the gravitational wave

signal will be observed as a deviation from this condition.

1.4.3 Detector configurations

The phase shift between the light in each arm of the Michelson interferometer
with arm length L is given by

b — 2~;~hL (1.8)

for a gravitational wave of amplitude h. As the gravitational wave induces
a strain in space, the relative phase shift between the light in the arms is
increased if the length of the arms is increased. Impracticalities of making
very long arms necessitates the use of other schemes to effectively increase
the arm length. There are predominantly two methods of achieving this aim;

Herriot delay lines and Fabry-Perot cavities.

Delay line interferometer

The delay line interferometer was proposed in the early 1970’s. The optical
path length in each arm of the interferometer is increased by reflecting the light

between two mirrors. The reflected laser beams do not overlap as shown in



C———

Figure 1.3: Two methods of increasing the storage time of light in an arm of
the Michelson interferometer. The Herriot delay line and Fabry-Perot cavity

are shown in the arms of a Michelson interferometer.

Fig1.3. At the Max-Planck Institut fir Quantenoptik in Garching, Germany,
a 30 m mirror separation was used in a delay line Michelson interferometer
and up to 90 beamns were present in each arm giving an effective optical length
of 2.7km [20]. The disadvantages of this scheme are that large mirrors are
required to allow all the individual beams to be separated and sensitivity to
scattered light becomes a serious problem. GEO 600 uses a simple delay line

with only two passes of the light to produce an effective arm length of 1200 m.

Fabry-Perot interferometer

The use of a Fabry-Perot cavity to increase the effective length of one arm
was developed by the Glasgow group in the early 1980’s. In this scheme the
light builds up in the cavity if the input laser frequency matches a cavity
resonant frequency as shown in Fig1.3. The effective length of the cavity is
increased as the light is trapped for some time once it enters the cavity. The
advantage of this scheme is that small mirrors can be used as the laser paths are
superimposed on each other. The LIGO, VIRGO and TAMA 300 gravitational
wave detectors use this configuration.

The Glasgow prototype interferometer uses Fabry-Perot cavities to increase



the length of the arms. The arm length of 10 m is increased to an effective
length of ~ 32km. The Glasgow prototype uses a different configuration to
that of Fig1.3 in that there is no recombination of the light from each arm at

the beamsplitter. This will be described in more detail later.

1.5 Noise sources in interferometric Gravita-
tional wave detectors

The gravitational wave is detected by observing a change in the dark fringe
power at the interferometer output port. This relies on the fact that the only
mechanism for varying the dark fringe power is for a passing gravitational wave
to introduce a relative phase shift between the light field in each arm. Other
sources of noise can result in a change in the dark fringe power. Some of these
can be controlled while others present a fundamental limit to the sensitivity

of the detectors.

1.5.1 Seilsmic noise

If the interferometer mirrors were mounted rigidly to ground then seismic noise
would move the mirrors and introduce a relative change in the arm lengths
causing a varying dark fringe power. A typical seismic noise displacement

spectral density is 1?,;7 m/v/Hz and varies by around an order of magnitude

at different sites on the earths surface. To isolate the mirrors from this noise

source, each is suspended as part of a multi-stage pendulum [21].

1.5.2 Thermal noise

Thermal noise originates from the random motion of atoms in the mirror mass
and suspension wires. The maximum motion is concentrated around the fre-

quencies of the resonant internal modes of the mirror mass, pendulum mode
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frequencies of the suspension system and violin mode frequencies of the sus-
pension wires.

As a precursor to a later chapter it is useful to consider the thermal noise of a
mirror mass. The thermal noise is resonantly enhanced at the internal mode
frequencies of the mirror mass. The mirrors used with the prototype interfer-
ometer which have mass 2.8 kg and diameter of 15 cm have dominant internal
modes at 23 kHz, 25.4kHz, 26.1kHz, 28,7kHz, 32kHz and 36 kHz [22]. These
are well away from the frequency range of interest for detecting gravitational
waves but the tails of the resonance curve for each mode contribute to a low
frequency thermal noise background.

The spectral density of displacement due to thermally excited motion from
each internal mode is given by [23]

4kpTwid(w)

wmn(wf — w?)? + Wbt (w)]

2?(w) =

(1.9)

where the mirror is of mass m, the internal mode frequency is wg and ¢(w) is
the mechanical loss of the mode. ¢(w) is derived from the complex form of

Hookes law
F=—Fk1l+4i¢w)]z (1.10)
and is the phase by which the displacement z lags the driving force. The

Q-factor related to the mechanical loss by

1
Q= ) (1.11)

so from Equation 1.9 the thermal noise far from the internal mode is decreased
as the @Q-factor is increased. The aim is therefore to develop high Q-factor

materials and suspension systems [24, 25, 26].

1.5.3 Shot noise

The gravitational wave signal is derived from the photocurrent of a photodiode

examining the dark fringe power at the interferometer output port. There
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is a limit to the minimum power fluctuation that can be detected, due to
statistical fluctuations in the diode photocurrent. If N photons are detected
by the photodiode then there is an error v/ N associated with this. For a simple
Michelson interferometer, the shot noise limited strain sensitivity is

hf) = [hl;l:;’cc]:g)\]l/zsin(frfT)/\/E (1.12)

where hpjaner 1s Planck’s constant, P is the power incident on the photodiode
of quantum efficiency €, A is the wavelength of the laser light and 7 is the time
the laser light is stored in the arm of the interferometer. The shot noise strain
sensitivity improves as the detected power increases, so high power lasers are
used as light sources for gravitational wave detectors. The laser power cannot
however be increased indefinitely as the radiation pressure exerted by the laser
light on the interferometer mirrors becomes a limiting noise source. Further
1

the shot noise limited sensitivity is best when fr = 5 i.e. when the cavity

storage time is half the period of the gravitational wave.

1.5.4 Laser noise

I'luctuations associated with the laser light source for the interferometer can
be split into three main catagories; frequency noise, power noise and beam
geometry fluctuations.

Frequency noise is due mainly to the optical path length in the laser cavity
changing. In an ideal Michelson interferometer with equal arm lengths and
mirror reflectivities, frequency noise is common to both arms and produces no
change in power at the output port. In real interferometers however, small dif-
ferences in the optical properties (e.g. the length) of each arm make frequency
noise a problem. It can be controlled by using an optical cavity to define the
laser frequency properties or locking the laser frequency to an atomic transi-

tion.
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Figure 1.4: a) A simple Michelson interferometer and b) with a power recycling

mirror and ¢) with power and signal recycling mirrors.

Power noise of the laser light will couple to the output of the Michelson interfer-
ometer. The effect of power noise is minimised by operating the interferometer
with a dark fringe at the output port, but if the operating point is slightly off-
set from the null, some coupling is evident. Power noise can be controlled
by sampling a small amount of the laser light on a photodiode and using a
feedback system to control the laser power.

For a TEMqo laser beam, geometry fluctuations can be considered as higher
order spatial modes contaminating the TEMgo mode. These changes can lead
to varying interference and cause spurious output signals from the interfer-
ometer. Beam geometry fluctuations can be attenuated by using a resonant
Fabry-Perot cavity or a single mode optical fibre to remove high order spatial

modes from the laser beam.

1.5.5 Recycling techniques

Recycling techniques can be understood with reference to Fig1.4. Under nor-
mal operating conditions when the output is at a dark fringe the laser power
returns toward the laser. In the early 1980s it was suggested that this light
could be sent back into the cavity by placing a further mirror between the laser

and the beam splitter [27]. This power recycling mirror increases the power
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at the beamsplitter without increasing the power of the laser. To increase
the sensitivity further the technique of signal recycling was developed [28]. A
gravitational wave introduces phase modulation sidebands to the laser field in
the interferometer. The main laser field remains in the interferometer since
the output port is held at a dark fringe. However, a fraction of the power
containing gravitational wave induced sidebands exits at the output port. A
signal recycling mirror placed at the output port sends the light field contain-
ing the sideband information back into the interferometer and can resonantly
enhance this signal. When both power and signal recycling mirrors are used, a
dual recycled interferometer is made. This technique has been demonstrated
on an operational prototype gravitational wave detector [29].

Subsequently the technique of resonant sideband extraction [30] was developed
to allow Fabry-Perot armed interferometers with storage times much greater
than the gravitational wave period to be used. In this configuration a mirror
at the output port allows the gravitational wave induced sidebands to leak out
from the interferometer while the optical carrier resonates. This technique will

be used in the planned LIGO II detector.

1.6 Conclusions

The nature and generation of gravitational waves has been discussed. Possible
sources of gravitational radiation and the detectors designed to try to detect

them have been outlined.
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Chapter 2

The Glasgow 10 m prototype
gravitational wave detector - an

overview

2.1 Introduction

The Glasgow 10 m prototype gravitational wave detector was first constructed
in the late 1970’s. Since the first measurements were performed, there have
been numerous upgrades to improve the sensitivity to levels where it became
feasible to build large scale detectors to achieve higher levels of sensitivity to
gravitational radiation.

The aim of this chapter is to provide definitions which are essential in the
discussion of optical cavities and to give an overview of the prototype detector

on which subsequent chapters will develop.
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Figure 2.1: A Fabry-Perot cavity.

2.2 Optical cavities

Several key properties of optical cavities need to be defined. Consider a Fabry-
Perot cavity of length L shown in Fig2.1, whose two mirrors have amplitude
reflectance and transmitance coefficients of r;,¢; and rs, %, respectively. It is
assumed that there are no absorption losses so r? +¢? =1 and r3 +¢3 = 1. If
laser light of amplitude ag 1s incident on mirror M1 then the amplitude a, of
light circulating in the cavity and the amplitude a, transmitted through mirror
M2 can be calculated. At point X the amplitude of the circulating field in the

cavity is given by
o0

Qe x = Clzotl Z(Tsz)ne—ik(2n+l)L (21)
n=0
which is equivalent to
aot e~ kL
c = > 2.2
Ge X =7 (rirg)e—2iFL (2.2)
given that
= 1
Y omt = for |m| < 1. (2.3)
n=0 1 —m

The amplitude of the light transmitted through mirror M2 is then given by
a; = agxts. (2.4)

Converting this to the transmitted intensity gives

Io(t1t2)?
(]. - T'17’2)2 + 4(7”17”2) Siﬂz(k'L)

I, = (2.5)
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which is a maximum when kL = ¢7 meaning that

qc

for maximum transmission. The maximum transmitted intensity depends on
the relative values of r,t; and ry, 5 assuming no absorption losses.

An expression for the amplitude of light returning from the input cavity mirror
a, can be derived. This is a sum of the light directly reflected from the input
mirror and that transmitted from the cavity through the mirror. Considering
first the intra-cavity amplitude of the light at point Y in Fig2.1, the circulating

field is the sum of an infinite series

aoty 1_—ik2(n+1)L
acy = —— » (rirg)"le™ (n+1)L gin (2.7)
Lis ey
or
agly _9ikL N —2ikL\n
aey = ——7‘1 (rire)e z;)(rlrge ) (2.8)
n=

which using Equation 2.3 gives

aoty  (rirq)e ¥*L
= . 2.9
fe¥ ry 1 — (ryrg)e 2k (29)
The total return field is then given by
a, = apr1 + eyt (2.10)

which when converted to intensity gives an expression for the return intensity
dependent on the value of the factor 2kL. The maximum return intensity when
kL = (q¢+ 1)m is given by

aot%('l"sz) 9

Ir mazr — 2.11

' (aorl + 7’1(1 + 7'17'2)) ( )
and occurs when the light is anti-resonant with the Fabry-Perot cavity. A

minima in the return power when kL = g is given by

agti(rira)

ri(l —rr2) (2.12)

[r,min = (QOTI -
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Figure 2.2: The variation in inlensity transmitted through and returning from

the cavily as the laser frequency is tuned through cavity resonant frequencies.

and occurs when the light resonates in the cavity. The variation in the intensity
of the light transmitted from the cavity as the laser frequency moves through
a cavity resonant frequency takes the form of an Airy function described by
Equation 2.5 and shown in Fig2.2.

The spacing of the resonances or spacing in the maxima of the Airy functions
is the free spectral range defined as

FSR = — = <

A (2.13)

where ¢ is the speed of light and p is the round trip optical path length. The
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visibility is defined here to be

V=1 Amin (2.14)

Loz

In the simple case outlined here this is determined by how well matched the
mirrors are, analogous to impedance matching in electrical circuits. If the
mirrors are identical then in the absence of mirror losses no power returns from
the cavity when the light resonates in the cavity. In practice absorption losses
in the mirror substrates and modematching considerations in the Gaussian
optics case, complicate the evaluation of V.

To describe the resonance, a property of the Fabry-Perot cavity called the
finesse F' is defined. Resonances are characterised by their quality factor @)

defined as

energy stored in oscillator

Q=2n (2.15)

and the higher the ¢ the less loss is associated with the oscillation. In the

energy lost/cycle

case of a Fabry-Perot cavity, since the energy lost during one cycle of light is
very small in comparison to the stored energy in a given mode, Q is typically
very large. The ) of the resonance in an optical cavity can be better defined

in terms of the finesse F' where
Q=nF (2.16)

and n is the number of wavelengths in a round trip length p. In the case of a

high finesse cavity where r; & r; & 1, the finesse F' can be approximated as

(Tlrz)%
F=rn—"F"—.
7T1 - (7'17‘2)

The finesse gives an indication of the loss in a Fabry-Perot cavity. In general

(2.17)

high finesse cavities have highly reflective mirrors. The cavity storage time 7,
is defined to be the time taken for the intra-cavity intensity /. to decay to %,
if the input intensity [; is suddenly reduced to zero. It is related to the finesse

by
F

X TSR (2.18)

Ty =
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Figure 2.3: A simple rf-reflection locking setup. Here the laser frequency is
locked to the resonant frequency of the Fabry-Perot cavity.

The effective optical length of the cavity can be defined in terms of the finesse
and is given by

_F (2.19)
Perf = ﬂ_p' .

Using the expression for finesse, the linewidth of the resonance can be defined

as
CFSR 1
T F 1w

This represents the full width at half maximum of the Airy function describing

Av (2.20)

the resonance.

2.3 Rf reflection locking

In the preceding section the resonance condition of a Fabry-Perot cavity was
discussed. The resonance occurs when the frequency of the input laser field
satisfies the condition described in Equation 2.6.

The operation of a frequency stabilising servo requires an error signal to be gen-
erated which has a linear response to frequency deviations. Several techniques

can be used for this purpose [31, 32, 33, 34], although some have advantages
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over others. Rf-reflection locking [34] is a way of generating an error signal with
the desired characteristics. An rf-locking scheme is shown in Fig 2.3, where the
resonant frequency of the Fabry-Perot cavity is used to define the frequency
of the laser. The laser light is phase modulated at an angular frequency w,
before entering the cavity. A modulation frequency of greater than 5 MHz is
typically used, because the laser intensity fluctuations are generally shot noise
limited above this frequency. The phase modulated light can then be described
by

E(t) — E-Oe—z'(wt+ﬁsmwmt) (2.21)

or equivalently
E(t) — EO(JO(ﬁ)e—iwt + Jl(ﬁ)ei(Wt+wmt) —J (ﬁ)ez’(wt-—wmt)
F Ay (B)eWitRemt) - J,(B)e@im2omt) | ete (2.22)

where J,(3) are the Bessel functions of the first kind. For 8 < 1 only Jo(5)
and J1(f) need be considered. The laser frequency spectrum therefore consists
of a carrier at angular frequency w and sidebands at w+wy,,. If the Fabry-Perot
cavity linewidth Av <« %= and the angular laser frequency w matches a cavity
resonant frequency wy, then the sidebands lie outside the cavity linewidth and
they are reflected from the input mirror.

The phase of the field leaking from the cavity lags that of the directly reflected
light, the phase difference passing through 90° on resonance. If the incident
light field is not resonant the the phase difference is greater or less than 90°
depending whether w < wp or w > wy. The return field from the cavity
therefore can be written as the sum of the reflected and leakage fields. The
reflected field

E.(t) o Eo(Jo(B)e ™ + Jy(B)e'@Hemt) — ] (B)ewt=wm)) (2.23)
and the leakage field which has no component at w,,
E(t) o E.(Jo(B)e e (2.24)
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Figure 2.4:  Left side - The error signal produced from rf-reflection locking
around the cavity resonant frequency wg. Also shown is the corresponding low
frequency photodiode output. Right side - The error signal to the modulation
frequency from the cavity resonant frequency wo. The shape of the error signal

gives a very wide locking range of twice the modulation frequency.

if a small modulation index (3 is considered and ¢ is the phase offset from
resonance. The photocurrent from a photodiode detecting the return light
therefore has a component at the modulation frequency w,, which is propor-

tional to

—EJo(B)EcJy(B) sin() (2.25)

or

—EJo(B)EcJ1(8)(¢) (2.26)

for small offset from resonance. Demodulation of the diode photocurrent at
the modulation frequency generates a signal of the form shown in Fig2.4.
This signal has a zero crossing at the resonance allowing a servo system to
be generated to lock to this point and is linear for small phase offsets. Rf
reflection locking has the added advantage that it gives a very wide locking
range. An error signal is produced with a full width of twice the modulation
frequency. This allows the servo to aquire lock as long as the laser frequency
is within the modulation frequency from the cavity resonant frequency.

The transfer function of the frequency discriminator 7, ; with rf-reflection lock-

ing can be approximated by considering the gradient of the error signal around
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the locking point given by
Ve
Av

where Av is the cavity linewidth and V;; is the peak-peak signal from the

(2.27)

Trﬂock -

demodulator. This locking technique is widely used and has the advantage of
being relatively immune to intensity noise in the laser light since the detected

signals are at frequencies where the laser intensity noise is shot noise limited.

2.4 Detector configuration

The basic configuration of the Glasgow prototype gravitational wave detector is
shown in Fig2.5. The two cavities are labeled primary and secondary and this
notation will be used from here onwards. The Fabry-Perot cavities comprise
two highly reflecting mirrors and have a finesse of approximately 10,000. The
mirrors have a mass of 2.8 kg and are 12.7 cm in diameter. The inboard mirrors
(those closest to the beamsplitter) are flat while the outboard mirrors have a
radius of curvature of 15m. The high finesse gives an effective cavity length
of around 32km and a linewidth of around 1.5kHz. The two cavities are
contained in a vacuum system.

Light from a Nd:YAG laser with a wavelength of 1064 nm enters the final
injection optics chain through a single mode optical fibre. This reduces beam-
geometry fluctuations ensuring an approximately TEMgy mode enters the in-
terferometer. The injection optics comprise mode matching lenses, two Fara-
day isolators [35] and a LiNbOj electro-optic modulator [36]. The light then
enters the vacuum system and a 50:50 beam-splitter sends half the light to-
wards each Fabry-Perot cavity. The light returning from the cavity is extracted
from the incident beam by a suspended quarter-wave plate and polariser as-

sembly.
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Figure 2.5: A schematic of the prototype detector.

2.4.1 Primary cavity

The primary cavity is used as a reference to define the frequency character-

istics of the laser. An optical cavity used as a frequency reference must have

fractional length changes % less than the required fractional frequency fluc-

tuations % at a given frequency. For this reason the cavity mirrors are in part
isolated from external noise sources. Fig2.6 shows the mirror isolation system
[37, 38]. Each mirror is suspended from a leaf spring as a double pendulum to
give isolation from seismic noise. Added isolation is achieved by mounting the
base plate on a series of lead-rubber stacks. The double pendulum reduces the

spectral density of displacement of the mirror to ~ 10;47 . The intermediate

mass motion is damped via a coil and magnet arrangement for tilt, rotation
and longitudinal motions. The cavity is contained in a vacuum chamber with

a pressure of ~ 107*mb to reduce air refractive index fluctuations and limit
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Figure 2.6:  The suspension system that isolates each mirror from seismic

noise.

the effect of acoustic noise.

With these isolation techniques, models of the suspension system predict that
each mirror has a motion of < 10712 rn/\/H_z at frequencies above 400 Hz (37,
39]. The primary cavity therefore permits frequency stability to a level of
~ 107° Hz above 400 Hz in an ideal situation given an adequate stabilisation

servo system and the absence of any other noise sources.

2.4.2 Secondary cavity

The passage of a gravitational wave affects the length of the primary cavity and
thus changes the laser frequency. To analyse this change in laser frequency and
extract the information on the gravitational wave signal, a frequency analysing
secondary cavity is used to measure the change.

The Fabry-Perot cavity is of similar finesse and the mirror suspensions are
identical to the primary cavity. The difference is the inclusion of a suspended
reaction pendulum shown in Fig2.7. This is situated behind one mirror mass

and has coils mounted to it. These coils combined with magnets bonded to

25



Figure 2.7:  The secondary outboard mirror with the reaction pendulum situated
behind it. The red coils are clearly visible on the reaction pendulum and act on

magnets bonded to the mirror.

the cavity mirror, allow the cavity mirror to be moved. The cavity length can
therefore be changed and locked to the laser frequency by feeding signals to
the coils on the reaction mass. Analysis of the current fed to the coils to hold
the secondary cavity resonant yields a power spectrum from which 10 derive

the gravitational wave signal.

2.5 Conclusions

Definitions necessary for the discussion of optical cavities have been described
and will be referred to later. The basic infrastructure of the Glasgow prototype
gravitational wave detector has also been described. The following chapters
will discuss in much more detail aspects of laser stabilisation and measurements

performed with the interferometer.
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Chapter 3

The laser system

3.1 Introduction

The Glasgow 10m prototype gravitational wave detector has operated for
around 20years with an Argon ion laser source at a wavelength of 514 nm
[40]. This laser in its commercial form is not suitable for highly sensitive inter-
ferometry and servo systems were developed to actively stabilise its frequency
and intensity, reducing the noise to a level suitable for gravitational wave de-
tection [41, 42]. Argon jon lasers are very inefficient, and if single frequency
operation is enforced, the power output is limited to a few watts. Although
coherent addition of Argon ion lasers was demonstrated to achieve higher light
powers [43], an alternative reliable and more efficient option was needed for
the next generation of detectors.

All large scale interferometric gravitational wave detectors currently being
constructed use an infra-red laser source with a wavelength of 1064 nm
[44, 45, 46, 47]. This choice was made due to recent development of high
power, diode pumped Nd:YAG lasers operating at this wavelength, coupled
with the availability of high quality optical cornponents and of coatings for the

optics of the interferometer.
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Another advantage of using Nd:YAG lasers is the availability of the Monolithic
Isolated Single mode End pumped Ring (MISER) laser often called a Non
Planar Ring Oscillator (NPRO) [48], an extremely low noise, single frequency,
but relatively low power Nd:YAG laser. These low noise lasers can be amplified
in a Master Oscillator Power Amplifier (MOPA) or used to injection lock a high
power oscillator.

A new laser system was required to convert the 10m prototype to operate
using infra-red light. An injection locked Nd:YAG laser source was assembled
and characterised allowing tests to be performed on optical components and
development of techniques for the British-German gravitational wave detector

GEO 600.

3.2 The slave laser

A laser head was obtained on loan from the Ginzton Laboratory at Stanford
University which consisted of a Nd:YAG crystal and copper cooling block [49].
A pumping scheme was developed using two water cooled OPC-A020 pumping
diodes, each emitting 20 W.

A laser diode emits a highly divergent beam due to the extremely small size of
the diode junction. The 42° divergence of the laser diodes output was reduced
to 4° with a cylindrical lens and illuminated the central third of the Nd:YAG
crystal as shown in Fig3.1. Any light not absorbed by the Nd:YAG on its
first pass was reflected back by a gold coated slide to ensure efficient usage of
the available pump power. The copper housing provided cooling to counter
the heating of the crystal which results from absorption of the pumping light.
A thin layer of indium foil improved the heat flow between the Nd:YAG and
copper and helped relieve any mechanical stress on the crystal.

The crystal has Brewster angled ends which polarise the laser output and

eliminate the need for anti-reflection coatings. The angled input window also
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Figure 3.1: Laser head and pumping scheme. Nd.YAG is pumped by two 20 W

water cooled, diode arrays.

refracts the incident laser field producing a zig-zag mode pattern in the crystal.
The zig-zag pattern maximises the overlap of the laser mode and the pumped

region so utilising as much gain as possible and maximising the output power.

3.2.1 Thermal lensing

Cooling the Nd:YAG on two opposite faces creates a thermal gradient pro-
ducing a thermal lens iri the crystal. The resulting thermal lens is dominant
in the direction of heat flow. To find the focal length of this thermal lens, a
high reflecting mirror and output coupler, both of which were flat, were placed
22c¢cm apart and the gain medium centred between them. In this configuration
the cavity can be approximated as shown in Fig 3.2. There is a slight reduction
in length A L due to the optical path length in the Nd:YAG crystal. The size
of the waist w() created at each mirror and focal length / of the thermal lens

are related by

/] = — (3.1)
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Figure 3.2: Simplified laser cavity for use in thermal lens calculation.

where d is the distance from lens to mirror. The laser output beam profile was

characterised using a scanning slit profiler, and using the relation

w(z) = wey|1 + ()\_zz) (3.2)

TWE
where z is the distance from the output coupler, the size of the waist wg formed
at the flat output coupler was calculated [50]. This calculated waist size wo
then gives the focal length of the lens from Equation 3.1.

In fitting the laser output to a standard Gaussian beam expansion, it was
assumed that the beam was a diffraction limited fundamental mode. The
thermal lens focal length was found to be f = 7cm with 25 A of pump diode
current. The focal length f = 7cm is a factor of ~ 10 stronger than the lens
effect in the perpendicular dimension. Due to this dominance, the lens can be
approximated as cylindrical.

The output wavelength of the diode can be tuned by varying its temperature

via its cooling water, with a tuning coefficient of ~ 0.3nm/°C. The output
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Figure 3.3: Variation of output power with diode temperature. Maximum

power is produced with a diode temperature T = 25°C.

power with diode temperature is shown in Fig 3.3 for a diode current of 25 A.
the optimum output power was obtained with a diode temperature of 25°C.
It is at this temperature that the best overlap of pump and absorption wave-

lengths occur.

3.2.2 Characterisation of the laser

With the approximate value of thermal lens known, a cavity was designed to
tesl the performance of the laser. A Im radius of curvature high reflecting
mirror and a flat output coupler were placed 30 cm apart with the gain medium
centred between them. As shown in Fig3.4 the optimum output power was
8.6 W in a multi-axial TEMOo mode. This was achieved with an output cou-
pling of 10 % and 31 W of pumping power. More pumping power was available
however to maintain the diodes lifetime they were never run at full power. The

threshold pumping power was 5W and the slope efficiency ,Lar¢ = 0.34 where

)
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Figure 3.4:  Qutput power vs pumping power for linear cavity

P, 1s the laser output power and FPpym, is the pump power. TEMg mode
operation was verified using a wideband photodiode and rf spectrum analyser:
a system which could be used to detect amplitude fluctuations to a frequency
of 1.8 GHz. Beating between the axial modes could be clearly seen spaced by
~ 500 MHz: the free spectral range of the cavity. Transverse modes would
be observable as smaller peaks clustered around the axial modes but were not
observed. The M? of the output, defined as approximately the factor by which
the beam divergence exceeds the diffraction limited divergence, was measured
to be 1.34 in the direction of the dominant thermal gradient and 1.7 in the
perpendicular direction.

To characterise the laser some key properties must be determined. Following
the notation of Koechner [51] definitions of several parameters of the Nd:YAG

crystal and laser are required. The small signal single pass gain is given by
G = e (3.3)
where [ is the path length of the laser mode in the pumped part of the crystal
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and go is the small signal single pass gain coefficient. The laser mode in the
pumped region of the crystal has volume V = Al where A ~ 4w,w, is the
mode cross sectional area. The saturation intensity I, is the light intensity
passing through the gain medium required to reduce the small signal single
pass gain coefficient to £ and values between 2kW /cm? and 2.9kW/cm? are
quoted for Nd:YAG [52]. Several efficiency parameters are also defined; 7, is
the quantum efficiency, the fraction of atoms excited to the highest level that
relax to the upper laser level; 7, is f\)-fl':‘{f called Stokes factor which represents
the fundamental limit to laser efliciency; ng is the efficiency of the pump
region-laser mode overlap; 7, is the fraction of pump light actually absorbed
by the Nd:YAG so Pups = 10 Ppump-

Using these variables, the small signal single pass gain coefficient

T/qnsT]BPabs
= A0 7 3.4
90 [satv ( )
and so
S O,P UM yd
InGo = gol = M4"1s"1Bla T pump =K ppump (3_5)
IsatA

where the constant A includes all efficiency factors and constants for the laser.
Assuming the thermal lens of the gain medium found previously the mode
volume in the gain medium was calculated and the mode /pump volume ratio
ng was estimated to be ~ 0.6 though this is difficult to verify exactly. The
pump absorption efficiency np was calculated based on an absorption coeflicient
of @ = 12cm™!, 5, = 0.95 for Nd:YAG pumped at 808 nm and 7, = 0.76.
Using these values gol is found to be ~ 0.4 & 0.15. The large error is due
to the approximation of mode size in the gain medium and the difficulty in
calculating 7.

The losses of the laser crystal were found by directing a probe beam through
it and measuring the attenuation. The single pass fractional power loss was
found to be 0.03. It can be assumed that this is the dominant intra-cavity loss,

so the cavity loss factor L is 0.06 since the crystal is double passed on every
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round trip.

The output power of the laser is then given by

Zg()l [satA

Pout:T(T_l_L_l) 2

(3.6)

where T is the transmission of the output coupler. Given the size of the error
associated with gol it is difficult to predict the expected output power from the
laser exactly, although assuming a mode size as used in earlier calculations,
several watts would be a reasonable estimate.

Fig3.5 shows how the threshold pump power varies with output coupling.
The analysis of Findlay-Clay [53] shows that the threshold pump power Prg
is related to the power reflectivity of the output coupler R by

—InR= 2K Pry — L (37)

where K is the overall efficiency of the laser given by the product of the n
factors. From Fig3.5 the gradient gives K = 0.031 so from Eq3.5 the small

0.49

signal single pass gain is €93 frumr which equals €%4° at full pump power. Also
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from Fig 3.5 the single pass loss is 0.035. This loss is a combination of scatter
losses at each total internal reflection in the Nd:YAG crystal and depolarisation
loss. The depolarisation loss is minimised by the dominant one dimensional

cooling.

3.3 Injection Locking

3.3.1 Introduction

If a coupling mechanism exists between two oscillators they can become locked
together, such that the phase changes of one are followed by the other. The
phase lock only occurs if the oscillators are separated in frequency by less than
the locking range as given by the Adler equation [54].

The Adler equation has been applied to two independent lasers to show that if
a noisy high power laser (slave laser) is coupled to a low noise, low power laser
(master laser) by injecting light from the master laser into the slave cavity then
the two can become phase locked. The phase lock occurs only if the frequency
difference between the two lasers is less than the locking range given by

T x FSR xn |Praster
™ Psla,ue

AVlock = (38)

where light from a master laser of power P, s 1s injected into a free running
slave laser with power Py, through an output coupler with transmission 7'
and with a mode matching factor n [55].

The free running slave laser field would normally develop from spontaneously
emitted photons from the gain medium. Now the injected master field domi-
nates over the spontaneously emitted photons, and is regeneratively amplified
and saturates the slave gain medium such that the injection locked output fol-
lows the masters phase fluctuations. In this way the desirable frequency noise

properties of the master oscillator can be transferred to the slave [56].
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Injection locking is especially useful because a low noise NPRO can be used as
the master oscillator to injection lock a noisy high power laser. If the slave laser
field can propagate as a running wave (either in a ring cavity or a twisted-mode
cavity), injection locking forces the slave laser field into this running wave, and
since the NPRO emits a single frequency this is reproduced in the injection
locked slave. This removes the need for additional intra-cavity optics to force
single frequency, unidirectional operation of the slave laser which would reduce
its efficiency. Injection locking has been demonstrated with slave/master power

ratios of up to 100/1 and with output powers of up to 30 W [57, 58, 59, 60].

3.3.2 Ring laser cavity

Solid state lasers suffer from spatial hole burning if a standing wave is generated
in the laser cavity. If the laser is forced to operate at a single frequency then the
standing wave generates regions of high and low electric field intensity in the
gain medium. The available but unused gain at the nodes of the standing wave
can produce parasitic oscillations contaminating the dominant single frequency
laser mode. Spatial hole burning in solid state lasers can be prevented by
forcing a traveling wave in the laser cavity.

A figure-8 ring laser was constructed which produced a total of 4 W in a TEMgg
mode. The reduced output power compared to the linear cavity was due to a
reduced overlap between the laser mode and pumped region.

The ring laser has two counter-propagating laser fields, and therefore has two
output beams, each with approximately equal power emerging from the cavity.
The single frequency NPRO output field was modematched and injected into
the ring cavity through a 10% output coupler. The slave laser is relatively
unaffected by this injected laser field until the frequency of the light from
the NPRO lies within the injection locking range of the frequency of an axial
mode in the slave laser. The NPRO field then resonates, is amplified by and
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Figure 3.6: rf-reflection locking setup to hold the slave laser frequency within

the ingection locking range.

saturates the slave gain medium. The injection locked slave then follows the
phase changes of the NPRO until the injected master oscillation frequency
moves outwith the injection locking range. While the laser is injection locked,
the laser field in the slave cavity propagates unidirectionally. A servo system

is required to hold the slave cavity length resonant with the master laser.

3.3.3 Injection locking schemes

To derive an error signal for locking the slave frequency to master frequency,
several different techniques can be implemented. Rf-reflection locking [34],
described in Chapter 2, has traditionally been used and generally works very
well. The error signal produced is insensitive to intensity noise and using this
technique a lock to the slave cavity resonant frequency is obtained.
Rf-reflection locking was used to hold the slave cavity length within the injec-
tion locking range as in Iig3.6 and the injection locked laser emitted ~ 4 W
of single frequency TEMgg light. The servo system used is shown in Fig3.7.
The unity gain frequency of 15kHz was limited by a mechanical resonance of
the PZT which actuates a cavity mirror and is required to hold the cavity on
resonance.

With the laser injection locked, single frequency operation can be obser\{ed with

a scanning Fabry-Perot cavity. Fig3.8 shows the multi-axial mode structure
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Figure 3.7:  rf-locking servo used to hold slave laser frequency within injection

locking range.

of the laser when not injection locked and the single frequency injection locked
output when the servo loop is closed.

There are problems associated with rf-reflection locking as used in injection
locking. The phase modulation sidebands are contained in the injection locked
laser output field. As will be described later the presence of these sidebands
caused problems when the injection locked laser was used as the light source
for the 10 m prototype interferometer. This prompted the search for a different
injection locking scheme where the output would contain no phase modulation
sidebands.

A polarisation spectroscopic technique based on [32] has been shown to gen-
erate an error signal of the required form and has successfully been used to
injection lock a Nd:YAG laser [61]. This arrangement is complicated by the
need for a polarisation analyser in the injection locked output field. Alterna-
tively the phase modulated master field could be injected into the slave cavity
through a different cavity mirror, such that the sideband information is not
contained in the main output beam. The disadvantage of this scheme is that
the injection locking range is reduced, since to maintain overall output power,
the mirror would have to be of reasonably low transmitance.

A modulation free, fringe side lock can be used to produce the required error
signal. To keep the laser injection locked, the frequency of an axial mode of
the slave cavity must be within the locking range of the injected master laser

frequency. In most practical cases this locking range of several MHz represents
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Figure 3.8:  Free running multi-axial mode slave laser and single frequency
injection locked laser viewed using a scanning Fabry-Perot optical spectrum
analyser. The line in the upper part of each, picture shows the ramped scan to

a mirror in the Fabry-Perot cavity.
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Figure 3.9:  Fringe-side locking schematic to lock the length of a passive Fabry-
Perot to a laser. The locking point on the fringe side is offset from the cavity

resonant frequency by dv.

a sizeable fraction of the slave cavity linewidth. A lock to the centre of the
slave cavity resonance is therefore not required, as long as an error signal is
derived which can be used to counter the large frequency shifts imposed by
external noise sources such as acoustic noise.

A fringe side lock scheme is shown in Fig3.9. In this case, when the incident
laser frequency moves through a resonant frequency vg of the cavity, the signal
from photodiode A passes through a maxima and photodiode B a minima.
Subtraction of the diode outputs can give a signal which passes through zero
for some value of §v the difference between the laser frequency and cavity res-
onant frequency. This can be used as an error signal and fed to the PZT to
lock cavity resonant frequency to the laser frequency. The electronic amplifica-
tion of each diode photocurrent can be varied to compensate for the different
power incident on each photodiode due to the different mirror reflectivities.
Further the locking point (value of §v) can be changed by varying the relative

amplification.
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Figure 3.10: Fringe-side injection locking schematic.

Consider now the slave laser cavity. If it were single frequency and unidirec-
tional then the laser frequency would be at the value where the round trip
loss is lowest. This corresponds to the cavity resonant frequency v as shown
in Fig3.11. The slave laser cavity linewidth is around 10 MHz, considerably
greater than the linewidth of the slaves output field. If the frequency of the
circulating slave laser field could be pulled away from vy, it would still circulate
in the cavity but at a reduced level.

If the laser field of the master oscillator is now aligned to resonate in the slave
laser cavity the situation is similar to that of Fig3.10

When the frequency of the light from the master laser lies within the injection
locking range of the slave laser frequency vyp, the slave’s free running mode is
extinguished and is replaced by an oscillation at the master frequency. Vary-
ing the frequency of the master laser then allows the injection locked laser
frequency to be tuned. The magnitude of the field circulating in the slave cav-
ity (and so the injection locked output power) is then proportional to the cavity
characteristic Airy function. The important point is that injection locking pulls
the slave laser frequency away from the slave cavity resonant frequency v and

forces the magnitude of the circulating field to drop. The slave laser cannot
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Figure 3.11:  Airy function associated with slave cavity resonance with the
free running slave laser output at the cavity resonant frequency vg. Shown is
the condition with the master laser frequency outside locking range where the
slave laser frequency lies at vy. When the master laser frequency is within the

locking range, the injection locked laser frequency is at that of the master laser.

return to 1o until the master laser frequency is outwith the injection locking
range. A subtraction technique for locking a laser to a passive Fabry-Perot
cavity can still be used. Each photodiode detects the field from the slave laser
which is subtracted to leave a locking signal dependent on the master laser
as in the passive case. The relative gains of PDA and PDB can be tuned to
allow the locking point to be somewhere on the fringe side within the injection
locking range from the cavity resonant frequency.

A servo was constructed to use the error signal obtained from the fringe-side
lock and is shown in Fig3.12. The locking bandwidth is again limited by a
resonance in the intra-cavity PZT at 15 kHz. The peak output power is similar
to that obtained with rf-reflection locking and can be varied by small changes
in the locking point.

If the locking point is moved towards the edge of, or just outside the lock-
ing range from the cavity resonant frequency, an interesting observation can
be made. The two photodiodes still produce a locking signal to lock the fre-
quency of the slave laser. The slave laser however cannot follow exactly the

master frequency changes. In this situation the free running oscillation of the
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Figure 3.12:  Fringe side lock servo used to hold slave laser frequency within

the injection locking range.

slave laser begins to contaminate the single frequency output. Viewing the
laser frequency spectrum with a scanning Fabry-Perot cavity shows the dom-
inant oscillation at the frequency of the master laser but other free running
oscillations now appear at different frequencies as in Fig3.13. The top picture
shows the situation when the locking point is close to the resonant frequency
of the slave laser cavity i.e. slave laser frequency is well within the injection
locking range. The middle picture shows the case when the locking point is
moved close to the injection locking range from the slave laser cavity resonant
frequency and small contaminant frequencies are present. The lower picture
shows the result of moving the locking point to the edge of the injection locking

range. The single frequency output is now heavily contaminated.

3.4 Power noise

A Nd:YAG laser power noise is dominated by the relaxation oscillation [62].
Occurring typically at several hundred kHz it produces around 40-50dB of
excess power noise and is caused by differing time constants associated with

the upper state lifetime and cavity storage time. The actual frequency is given
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Figure 3.13: The injection locked slave laser output viewed on a scanning
Fabry-Perot optical spectrum analyser. The ramped line is the scan signal.

The content of each picture is described in detail in the text.
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where 7, is the upper state decay rate, «, is the cavity decay rate and r is the

normalised pumping rate defined as

Pump power

(3.10)

"~ Threshold pump power

Generally the further above threshold the Nd:YAG is pumped the higher the
relaxation oscillation frequency.

The power noise spectra of the NPRO around the relaxation oscillation fre-
quency is shown in Fig3.14. A power noise reduction servo supplied with
the NPRO suppresses this relaxation oscillation and gives ~ 20dB of noise
reduction at lower frequencies [63, 64, 65].

The free running slave laser exhibits a relaxation oscillation at ~ 133kHz as
shown in Fig3.14. As a result of injection locking, the slave lasers relaxation
oscillation frequency is unchanged but its decay rate is increased. The slave
laser relaxation oscillation is therefore damped due to the dominant injected
master field by an amount proportional to the ratio %. The oscillation is
at least critically damped for power ratios typically used in injection locking.
[t is replaced by an oscillation at the relaxation oscillation frequency of the
master [56]. Since the noise reduction servo removes this, the injection locked
lasers output power can be made to feature no relaxation oscillation.

The low frequency power noise of the NPRO is

S =0Vl (3.11)

with the noise reduction servo active and this is approximately constant to
100kHz. The spectral density of power noise of the injection locked slave
laser is shown in Fig3.15 and was measured using a YAG200 photo-diode with
10 mA of photo-current.
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Figure 3.14:

Spectral density of power noise for
free running slave laser.

Relaxation oscillation at 133kHz.

Full scale 0-200kHz linear scale.
Power noise 10dB/div.
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NPRO.
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Full scale 0-750kHz linear scale.
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Spectra] density of power noise
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Figure 3.15:Poweresnoise of injection locked laser (top) and power stabilised
injection locked laser. Shot noise level at 5 x 10~9/VTfz is well below measured

spectra.

The power noise of the injection locked laser is similar in magnitude to that
of the free running laser up to 50 kHz. Structure can be seen in the injection
locked lasers power noise spectrum at acoustic frequencies. The origin of this
is due to the fact that the slave cavity path length is affected by acoustic noise
in the room through refractive index fluctuations in the air and direct mirror
motion. The PZT holding the slave cavity resonant, has therefore most action
in the acoustic region. The laser mode is translated through the gain medium
as the PZT moves, varying the position of the mode in the gain medium (as
in Fig 3.16) and introducing power noise.

Further the pumping diodes are water cooled introducing vibrations which can
move the pump beam relative to the Nd:YAG rod. This motion can make small
changes in the gain thus adding power noise. If the water flow is turbulent
the cooling may not be at a constant level, varying both the frequency and

output power from the pumping diodes and introducing power noise. A noise
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Figure 3.16:  Due to the angle at which the laser mode is incident on the
actuated mirror, motion of the mirror displaces the laser mode in the gain

medium.

reduction servo was used to reduce the power noise of the injection locked
laser. The electronic servo shown in Fig3.17 is a modified version of that
used to power stabilise the argon ion laser’ and uses a crossed electro-optic
modulator and polariser arrangement as the actuator. Linear polarised light
incident on the EOM, can have its polarisation state changed by applying a
voltage across the modulator crystal, assuming the optic axis of the crystal and
the angle of polarisation are not parallel. The light power transmitted through
the polariser is therefore variable. A LEYSOP LiNbOj electro-optic modulator
was initially used, but thermal drifts caused the EOM to act as a variable high
order waveplate, varying the polarisation by more than the range of the servo
in short time scales. This problem was overcome by using two modulators in
series with their optic axes perpendicular to each other. In this way thermal
drifts, common to both crystals cancel but by applying an opposite sign of volts
to both crystals the polarisation change caused by the voltage is doubled. The
effect of the power noise reduction servo can be observed in Fig3.15. The noise
is reduced to ~ 10~7/v/Hz around 1kHz. Initially this power noise reduction

was compromised by optical feedback. Improvements in the optical isolation

'Original design by S.D. Kilbourn and D.I. Robertson
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Figure 3.17:  Flectronic servo system used to stabilise the power of the laser.

The feedback actuator is the EOM.

improved the noise reduction.

The power noise of the NPRO approaches the shot noise limit at a frequency
of around 8 MHz. With the noise reduction activated this is reduced to around
5MHz. The injection locked laser has very similar high frequency behaviour,

also becoming shot noise limited by 5 MHz.

3.5 Conclusions

A laser system was constructed and characterised for use in the Glasgow 10 m
prototype detector. Using a NPRO as the master oscillator, a high power slave
laser was injection locked to make a single frequency laser with the low noise
properties required. The laser produced ~ 4W in a TEMg output mode.
This type of laser has been used extensively before. The results presented here
demonstrate that this laser behaves as predicted by the theory of injection
locked lasers. The characterisation of the laser was crucial to the developments
presented in later chapters. A new technique to hold the slave laser frequency
within the injection locking range was used, relying on a simple fringe side

lock and was found to operate well. This greatly simplifies the control scheme
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required to frequency stabilise the laser.
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Chapter 4

Frequency noise properties of

the injection locked laser

4.1 Introduction

The injection locked laser described in Chapter 3, despite having better fre-
quency stability than the argon ion laser, requires frequency stabilisation before
it can be used with the 10 m prototype gravitational wave detector. Many ex-
periments toward the frequency stabilisation of Nd:YAG lasers have been per-
formed. Most have measured a relative stability between the laser frequency
and a reference cavity [66, 67, 68, 69, 70] by way of an in-loop measurement
at the error point of the stabilisation servo. Some measurements of the true
frequency stability of the laser with reference to an independent frequency
analyser have been performed, but results show the stabilised frequency prop-
erties several orders of magnitude above that required if the laser is to be used
as the light source for a gravitational wave detector {71, 72].

A nested two loop stabilisation scheme was used for the argon ion laser [41]
and this technique was utilised for the new infra-red laser source. Experiments

were then performed to measure the absolute frequency noise properties of the

o1



laser.

When designing a frequency stabilisation scheme several factors must be taken
into account. A frequency reference is required and normally a resonant Fabry-
Perot cavity is used for this purpose. The target fractional frequency deviation
&% must be greater than the fractional length change of the reference cavity
4! at frequencies of interest. The servo must have enough closed loop gain
to reduce the frequency fluctuations to the required level. The effect of beam
jitter and power noise in the laser light must be such that their contribution
to the measurement can be ignored or controlled. Finally the minimum de-
tectable frequency fluctuation as determined by the shot noise in the frequency
discrimination detector must be below the frequency stabilisation target.

The two loop stabilisation system comprises a first pre-stabilisation loop which

reduces the frequency fluctuations to ~ 0.1 Hz/+v/Hz in the band of interest and

a second loop which reduces the fluctuations by a further factor of ~ 10%.

4.2 1st loop frequency stabilisation

A Fabry-Perot cavity built around a Zerodur spacer, was selected as the first
loop frequency reference. This monolithic spacer has a very low thermal ex-
pansion coeflicient so provides a stable long term frequency reference.

The minimum fractional frequency fluctuation detectable due to shot noise

using rf-reflection locking is given by [41]

- hw(l — JE(B)MYV) !
Sy = AVc\I 167 P, [N[Jo(ﬁ)Jl(ﬁ)] g

[11\/1_——} 2’“ /\/— (4.1)

The parameters are the laser frequency vy, the reference cavity linewidth Av,,
the modulation index (3, the input power F,, the power matched into the

TEMgp mode of the cavity M, the visibility V and the quantum efficiency of
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Figure 4.1:  First loop of laser frequency stabilisation.

the photodiode 7. The + depends whether the internal cavity losses are greater
or less than the transmission of the input mirror. The limit is proportional
to the linewidth of the reference cavity Av = E%. For this reason, reference
cavity mirrors were selected with a reflectivity high enough such that the shot
noise limit would be below the frequency stability required. A target of the
laser pre-stabilisation was set at < 0.1 Hz/v/Hz due to phase noise in the AOM
driver used in the second loop of stabilisation. This phase noise limits the
frequency noise reduction of this pre-stabilisation loop. A finesse of 600 was
found to be sufficient to attain this performance. This value of finesse facilitates
lock acquisition, since it does not produce a large storage time which would
necessitate the use of a wide bandwidth servo. The reference cavity must be
isolated from external noise so it was placed in a vacuum vessel and mounted
on rubber to limit the effect of acoustic and vibrational noise sources.

The rf-reflection lock frequency stabilisation scheme is shown in Fig4.1. Ap-
proximately 20mW was split from the main beam, phase modulated at
22.1MHz and directed toward the rigid reference cavity. The rf reflection

lock scheme based on the 22.1 MHz phase modulation provided an error signal
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Figure 4.2:  Servo for first loop of frequency stabilisation.

which was amplified and filtered and fed back to the PZT(PZT2) bonded to
the NPRO crystal. The circuit for this stabilisation is shown in Fig4.2. The
stabilisation servo has a unity gain frequency of ~ 60kHz and limited by a
resonance of PZT2 at around 200kHz. In order to prevent the servo from
running out of range, any long term drifting of the laser frequency was coun-
tered by feeding very low frequency signals back to a Peltier element located
benecath the laser crystal. This was the dominant feedback element from DC
to ~ 0.6 Hz and provided a tuning range of several GHz.

Bode plots for the two feedback paths are shown in Fig4.3. These plots were
produced using the circuit modeling program LISO [73]. In producing these

plots the effect of the reference cavity corner frequency at ~ 1 MHz was ignored.
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Figure 4.3: Bode plots for flic Ist. loop frequency stabilisation electronics. The
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the slow path with the Peltier element as the actuator. The discontinuity in

the lower plot is a result of the plotting program.
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4.3 Measurement of frequency properties us-
ing secondary cavity

The frequency properties of the stabilised NPRO were measured using the
secondary cavity. The secondary cavity is designed to stay on resonance with
the laser light via a servo which produces a feedback signal to actuate on a
cavity mirror. The cavity length control is achieved using magnetic forces
between coils mounted on a suspended reaction mass and magnets bonded to
the rear of the outboard cavity mirror. The locking scheme to develop the
error signal for the cavity length control is based on another rf-reflection lock,
this time operating at 12 MHz as shown in Fig4.4. The photodiode circuit is
shown in Fig4.5 and is tuned to 12 MHz to give the maximum possible signal
at the modulation frequency, while attenuating signals at other frequencies.
With this arrangement shot noise in 10 mA of diode photocurrent produces a
signal ~ 20dB above electronic noise.

The servo system to hold the secondary cavity locked must be designed to
overcome the 12dB/octave response of the pendulum. With careful design,
electronic filtering can be used to give sufficient phase advance to give this
loop a bandwidth of a few kHz, while notch filters are included to attenuate
the effect of high-@QQ (~ 10%) internal mechanical modes of the mirror masses
which would otherwise cause the servo to become unstable in a much reduced
bandwidth [74].

With the loop locked, the signal required to be fed to the coils on the reaction
pendulum to keep the cavity on resonance with the laser light gives a direct
measure of the frequency deviations of the light. The closed loop response of
the locking loop and the mechanical response of the mirror suspension must be
taken into account: more specifically, at frequencies well within the bandwidth
of the locking loop the feedback signal sent to the control coils can be calibrated

to give a measure of the frequency fluctuations of the light. At frequencies well
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above the loop bandwidth, the error signal of the loop is calibrated to yield

the frequency fluctuations.

4.3.1 Calibration

The measured frequency fluctuations based on the feedback signal to the re-
action mass, used to lock the secondary cavity to the laser light was cross-
calibrated in three ways. Firstly, PZT2 bonded to the top of the NPRO crys-
tal gives a frequency deviation of 2.4 MHz/V and this was confirmed using a
commercial scanning Fabry-Perot optical spectrum analyser. Signals applied
to this PZT can therefore be used to produce calibration peaks on the mea-
sured noise spectra. Such calibration peaks can be applied in low or high
frequency regions appropriate to the cases of measuring the feedback signal or
error point in the suspended cavity locking servo. Secondly, an acousto-optic
modulator (AOM) [75] was placed in the beam immediately before the optical
fibre directing the light to the secondary cavity. This component produced a
known frequency deviation of 2MHz/V and could also be used to produce a
calibration peak in both locking signal and error point signal. This provides a
useful check against the peaks applied to the PZT on the NPRO. Thirdly, in
order to convert the feedback signal applied to the suspended mirror mass to a
mechanical motion of the mirror, the mechanical transfer function of the pen-
dulum suspension must be known. This transfer function has been modeled to
predict the frequency behaviour of the mirror based on the response to a static
force [37]. A check of this was made by constructing a small Michelson inter-
ferometer at the end of the interferometer vacuum chamber, but external to
it. One of the arms of this interferometer had as its end mirror the suspended
mirror of the secondary cavity. Sinusoidal signals of various frequencies were
fed to the reaction pendulum coils and fringe counting techniques could be

used to check the transfer function. The results of this are shown in Fig4.6.
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Figure 4.6: Fringes obtained from the calibration Michelson interferometer.
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All the various calibration techniques agreed to within 1dB, and throughout
the series of frequency noise measurements, it was common to have one or
more of the calibration schemes operational, affording a constant check on the

accuracy of the results.

4.3.2 Results

Fig4.7 shows the spectral density of stabilised frequency noise obtained for the
NPRO at low frequencies - those in the gravitational wave detection band. The
spectral density of frequency noise is based on the feedback signal to maintain
the analyser cavity lock. The background level is around 5 x 102 Hz/v/Hz at
1 kHz, which represents the shot noise limit of the laser frequency stabilisation
loop. This was assertained by quadrupling the light level on the photodiode
PD3 with the frequency stabilisation loop locked and observing the frequency
noise spectral density reduced by a factor of two. Fig4.8 shows the spectral
density of frequency noise taken over 5 to 100 kHz and measured at the er-
ror point of the suspended cavity loop. The error point measurement must
be corrected for the single pole of filtering introduced by the cavity corner
frequency at ~ 1kHz. At higher frequencies (above 100kHz) the spectral den-
sity of frequency noise of the NPRO begins to approach the Shawlow-Townes
limit [76], estimated to be ~ 2 x 1072 Hz/+/Hz, and this is shown in Fig4.9.
The stabilisation servo has little effect at frequencies above 200 kHz and the

measurement represents the basic noise of the NPRO in this range.

4.3.3 Interesting observations

The need for isolation of the reference cavity from the vacuum chamber walls
was explored. In a simple comparison experiment, the rigid reference cavity
was mounted so that a part of it was touching the wall of its vacuum chamber.

The spectral density of frequency noise in this case was limited to > 1 Hz/+v/Hz
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in the gravitational wave band, due to acoustic noise coupling through the
vacuum vessel wall to the rigid cavity optical path length. Mounting the
reference cavity on soft rubber pads allowed the results detailed in the previous
section to be attained.

While making these frequency noise measurements the phase noise properties
of voltage controlled oscillators (VCO) used as AOM drivers was examined.
The motivation for this is that in the full stabilisation scheme, a voltage con-
trolled oscillator driving an AOM is used to give a low noise broad-band fre-
quency actuator. An ‘Automates et Automatismes’ AOM was inserted in the
path of the light going to the frequency stabilisation rigid reference cavity. The
AOM was double-passed to minimise the beam jitter introduced by the AOM
and the 1st order diffracted beam aligned into the single-mode optical fibre
before entering the reference cavity. The spectral density of frequency noise
of the stabilised laser was then measured as before using different VCOs. The
commercial VCO supplied with the AOM produced ~ 2 Hz/+/Hz of noise but
had the advantage of large pulling range +10 MHz. The best VCO was found
to be a modified ISOMET crystal oscillator with a varicap inserted to pull its
frequency. The pulling range must be sacrificed in order to achieve the bene-
fit of low phase noise performance, particularly when taking advantage of the
narrow linewidth provided by crystal oscillators. The best balance achieved
was based on a pulling range of 4:0.5 MHz/V while imposing a frequency noise

of ~ 0.2Hz/v/Hz on the double-passed light.

4.3.4 Conclusions

The NPRO was frequency pre-stabilised and a spectral density of frequency
noise of 5 x 102 Hz/v/Hz was measured using a suspended high finesse cavity
as a frequency discriminator. This represents a level consistent with the ini-

tial requirement. The stabilisation achieved was limited by shot noise in the
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Figure 4.10:  Schematic of the second loop of frequency stabilisation. The
actuators are PZT3 (mounted on the rigid reference cavity), the AOM (in
the double passed optical spur which the light encounters on its way to the
reference cavity) and phase corrector FOM3 (positioned immediately before
the 3m fibre).

detected light.

4.4 2nd loop stabilisation

The aim of the 2nd loop of stabilisation is to reduce the frequency fluctuations
of the laser light to a level comparable to that required for gravitational wave
detectors. For example a spectral density of frequency noise of ~ 10~°Hz/+/Hz,
corresponds to a fractional frequency fluctuation % ~ 107¥/y/Hz, and to
achieve this level a second reference cavity with fractional length fluctuations
—AL—L ~ 10‘19/\/}E is required. To reduce the shot noise limited detectable
frequency fluctuation to the levels necessary, requires the use of a narrow
linewidth reference cavity given the light power available. The 2nd loop sta-
bilisation scheme is shown in Fig4.10. The primary cavity is used as a reference
where the 10 m length and finesse of ~ 10,000 give a linewidth of ~ 1.5kHz.

A photodiode PD4 identical to that in Fig4.5 generates a signal from the light
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reflected from the primary cavity and an rf-reflection lock scheme is used to
provide a correction signal to hold the laser frequency resonant with the cav-
ity. This correction signal is added to the error point of the first loop via
the use of two further actuators. One of the mirrors in the rigid Fabry-Perot
reference cavity is mounted on to a PZT (PZT3) allowing the cavity reso-
nant frequency to be changed. Correction signals from the second loop from
DC to around 100 Hz are fed to PZT3 which provides 84.6 MHz/V actuation.
The AOM driven by the modified ISOMET VCO is positioned in the path
of the light entering the rigid reference cavity and provides frequency tuning
of 0.5MHz/V from approximately 100 Hz to 15kHz. Since these signals are
applied at frequencies well within the bandwidth of the first loop, the laser
frequency changes by the size of the applied signal to either of these actuators
when the first loop is locked. In practice the stability achieved by the first
loop is limited to ~ 2 x 10~'Hz/v/Hz due to phase noise imposed by the VCO
which controls the AOM. In view of this limit care was taken to ensure that
the second loop had sufficient gain to reach the required spectral density of
frequency noise. Correction signals above 15kHz are applied to EOM3 which
acts as a phase corrector. The overall frequency stabilisation system has a
unity gain frequency of ~ 400kHz and a gain of ~ 1 x 10° at 1kHz as deter-
mined by the comparison of the size of test signals injected into the servo loop

when the loop was open and closed.

4.4.1 Calibration

The calibration method described above using a direct measurement of the
feedback signal to the mirror in the secondary cavity is still valid. A different
method of cross checking is now used. A frequency modulation is applied to the
laser by sinusoidaly varying the length of the primary cavity. This is achieved

via magnets bonded to the cavity mirror and coils mounted rigidly to a reaction
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plate. The frequency deviation imposed can be measured by monitoring the
feedback signal to the AOM, the dominant feedback element in the band of
interest. The size of the peak on the feedback signal to hold the secondary
cavity locked then gives a marker from which to derive the background noise

level.

4.4.2 Results

First consider the frequency noise measured for the NPRO. The spectral den-
sity of secondary cavity locking signal is multiplied by the transfer function of
voltage to frequency to give a spectral density of frequency noise in the band
of interest and is shown in Fig4.11.

The spectral density of frequency noise of the injection locked laser was then
measured in the same way. A power noise reduction servo based on a crossed
polariser and EOM reduced the power fluctuations of the injection locked laser
to similar levels as that of the power stabilised NPRO.

To compare the frequency properties of master and injection locked slave lasers,
the output of the injection locked laser was attenuated to reduce the power to
a similar level to that of the master laser.

A first attempt to measure the frequency properties was made with rf-locking
used to hold the slave cavity length within the injection locking range. This
servo used a different modulation frequency to that for locking the suspended
cavities.

With two different modulation frequencies beats were produced which caused
the low noise locking electronics for the suspended cavities to become slew rate
limited and severely impaired the performance of these servos. The modulation
free injection locking scheme described in Chapter 3 allowed the results detailed
below.

A comparison of the spectral density of frequency noise for the master and
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Figure 4.11: The spectral density of frequency noise measured using the in-

dependent analyser cavity. Spectra are for the master laser (red) and for the

injection locked laser. Peaks are dominantly 50 Hz harmonics.

injection locked lasers is shown in Fig4.11. The level of 2 x 10-5Hz/vHz
around 1kHz is identical for both the master and injection locked lasers.

To ensure that the injection locked slave was following accurately the frequency
fluctuations ofthe pre-stabilised master oscillator, a comparison of the relevant
control signals for the master operating alone with those of the injection locked
laser system was made. The signals fed to PZT2 on the NPRO gain medium,
the phase corrector EOM 3 and the AOM were measured with both stabilisation
loops locked for the two cases. The results are shown in Fig4.12, Fig4.13 and
Fig4.14 and all control signals can be seen to be identical for both lasers
in the frequency band of interest. From these results it is believed that the
frequency of the injection locked slave laser is following accurately that of the

pre-stabilised master oscillator.
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Figure 4.14: Spectral density of the signal fed to the phase corrector ROMS
with both stabilisedion loops locked. The two spectra are for the master laser

alone (red) and injection locked slave. Peaks are dominantly 50 Hz harmonics.
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4.5 Conclusions

The spectral density of frequency noise of the NPRO was stabilised to a level
of 2 x 107°Hz/+/Hz around 1kHz. The injection locked laser frequency noise
was shown to be identical in this region. This was achieved with a modulation
free fringe side injection locking scheme and a two loop frequency stabilisation
scheme. This demonstrates for the first time the feasibility of using an injec-
tion locked laser to increase the available light power without degrading the
frequency properties of the master laser from the levels required for gravita-
tional wave detection. This step is crucial for the large scale interferometers
that will use injection locked lasers as their light sources. These experiments
differ from others because a frequency analyser cavity with a very stable reso-
nant frequency was used to measure the stabilised noise properties. The levels
of stabilised frequency noise obtained are the best to date for a laser of this

type. The published results based on these experiments can be found in [77].
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Chapter 5

Measurement of the frequency
noise assoclated with the
relaxation oscillation of a

Non-planar Ring Oscillator

5.1 Introduction

Despite the low level of the general broadband power noise, a NPRO exhibits
a relaxation oscillation (RO) caused by differing time constants for the cavity
decay rate and the upper state lifetime [62]. The RO is seen as a broad peak
in the laser power spectrum. The frequency of this peak is dependent on the
pump rate, and is typically of the order 500kHz for a laser of this type. The
question of whether there is an oscillation in the frequency of the laser at the
RO frequency is less clear. The aim here is to set a limit on the frequency noise
associated with the RO, which may be of particular interest when considering
the effect such a frequency noise might have on the various control servos used

in highly sensitive interferometric gravitational wave detectors. In view of the
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high frequency at which the RO is located, the impact on interferometric grav-
itational wave detection could be through non-linearities associated with the
detection system, similar to those associated with the beats between different
modulation frequencies described in Chapter 4. Also, recent work to reduce the
frequency noise of an NPRO using the pumping diode as a frequency actuator
and varying the diode current have demonstrated some resonant behaviour in
the frequency response around the RO frequency [78]. For these reasons it is
useful to further investigate the level of frequency noise at the RO and improve

on the limit set by previous measurements [79].

5.2 Source of the frequency noise

The dominant source of frequency noisc is believed to arise through the non-
linear refractive index n, and the time varying intra-cavity power at the RO
frequency. As the intra-cavity laser mode is contained entirely within the
Nd:YAG, the optical path length p is related to the geometrical path length
[ by p = % where n is the observed refractive index of the Nd:YAG. The
refractive index term can be expanded to account for the change induced by
an electric field. The observed refractive index is given by n = ng + An where
ng is refractive index and An is the change caused by the presence of an
electric field. The change in refractive index is proportional to the intensity
I of light in the crystal and is given by An = Iny with ny the non-linear
refractive index. The change in the laser frequency Av caused by a change
in the refractive index An can be described by Av = 1/%:1 where v is the
laser frequency. Given that at the RO frequency, the intra-cavity power of our
800 mW NPRO is ~ 30 W and varies by ~ 1 x 107* at the RO frequency the
variation in the intra-cavity intensity can be calculated to be ~ 3000 W/m?.

Taking ny = 9.38 x 1072 m?/W for YAG [80], and assuming the only intensity
fluctuation is at the RO frequency, An is ~ 2.8 x 107'¢ giving a frequency
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change induced by the RO of Av ~ 0.01 Hz/v/Hz.

Other mechanisms for the generation of frequency noise at the RO frequency
include that induced by the time varying absorption of the 1064 nm circulating
field at the RO frequency. The time delay associated with thermal changes to
the Nd:YAG properties and the low absorption at 1064 nm, prevents the oscil-
lating intra-cavity intensity at 1064 nm contributing an appreciable frequency
noise level by this mechanism.

Measurements of the frequency noise at the relaxation oscillation frequency
[79, 81] have been made and in particular [79] placed a limit of 1 Hz/+/Hz on
the amplitude spectral density of frequency noise from a NPRO at the RO
frequency, limited by the shot noise in the detected light. The use of the
narrow linewidth secondary cavity as a frequency analyser has now allowed an

improved limit to be placed on the frequency noise level.

5.3 Experiment

The frequency of the light from the NPRO was pre-stabilised as in Chapter 4
using the rigid reference cavity. The secondary cavity length was then locked
to the pre-stabilised laser light and the signal at the error point (point X in
Fig4.4) of this loop measured with a high frequency spectrum analyser. The
signal was measured with the RO power noise reduction servo on and off. The
spectral density of error point signal is shown in Fig5.1 for both cases.
Clearly there is structure in this spectrum when the power noise reduction
servo 1s turned off. This shows that the content of the spectra with the noise
reduction off is due primarily to power noise. There is however a contribution
to the signal at the RO frequency from frequency noise of the laser. It is this
signal that must be extracted.

The spectral density of noise due to the relaxation oscillation on the error point

can be calibrated by modulating the laser frequency by a known magnitude
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and monitoring the effect on the error point. Trace A in Fig5.2 shows the
spectral density of error point signal around the relaxation oscillation. The
peak at 592kHz represents an applied frequency deviation of 20 Hz. The RO
peak on the error point therefore represents 10 Hz of frequency deviation or
0.57 Hz/+/Hz given the 300 Hz measurement bandwidth. This method pro-
duces a result based on the total signal in the spectral density of error point
signal at the relaxation oscillation frequency. The contribution to this total
signal due to frequency fluctuations can be estimated and the limit improved.
The method for achieving this relies on the differing sensitivity of the error
point signal to power and frequency modulations of the laser light. If the cav-
ity is detuned slightly such that the fringe visibility is reduced, then the error
point sensitivity to a frequency modulation decreases.

The peak at 562kHz in Fig5.2 is a power modulation applied to the laser and
shows how this noise source can couple through to the error point signal.
The secondary cavity was misaligned slightly, with the fringe visibility reduced
by 25 %.

Trace B in Fig 5.2 shows the spectral density of error point signal under these
conditions with the same calibration peaks applied to the laser. Clearly the
intensity peak at 562kHz is unchanged while the frequency peak at 592kHz
is reduced by ~ 2.5dB. If it is assumed that a change in the RO structure
of 0.5dB would be discernible and it does not appear to have changed in
this limit, while the frequency peak has changed by 2.5dB, an upper limit of
1.1 Hz can be set on the frequency noise content of the RO. This corresponds
to frequency noise spectral density of 7 x 1072 Hz/+/Hz given the 300 Hz mea-
surement bandwidth.

This is greater than would be expected if the measurement were limited by the
frequency fluctuations due to the non-linear refractive index. It is likely that
the contribution to the measured signal from laser power fluctuations at the

RO frequency is limiting the measurement, despite using an RF modulation
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technique and careful analysis of applied calibration signals to limit the impact
of power noise.
The Schalow-Townes limited spectral density of frequency noise is below

0.01Hz/+/Hz so is unlikely to be the limiting noise source.

5.4 Conclusions

The spectral density of frequency noise at the relaxation oscillation frequency
was measured using the narrow linewidth secondary cavity to be not more
than 7 x 10~2 Hz/+/Hz. This is above the expected level based on a calculation
of the frequency deviations arising from optical path length change due to the
time varying refractive index at the RO frequency. This measurement has
improved the upper limit set on this frequency noise by previous experiments
but it should be noted that the actual frequency noise level was not measured
due to the effect of power noise on the measurement. Published results can be

found at [82].
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Chapter 6

The prototype interferometer-

sensitivity

6.1 Introduction

The preceding chapters have discussed the stabilisation of the new infra-red
laser system and the optical arrangement of the two Fabry-Perot cavities which
make up the prototype detector. The complete interferometer when operated
as a gravitational wave detector can be calibrated to produce a spectral den-
sity of displacement sensitivity: that is the minimum differential displacement
between the two cavities that can be measured. The displacement sensitivi-
ties of the different prototype detectors around the world vary by around an
order of magnitude depending on the optical configuration. The best result is
described in [83] where for the Caltech 40 m Fabry-Perot armed prototype the
spectral density of displacement sensitivity reached 3 x 1072°m/+/Hz at 450 Hz.
The 30m delay line Michelson interferometer at the Max Planck Institute in
Garching reached a shot noise limited spectral density of displacement sensi-
tivity of 4 x 107'8m/v/Hz at 2kHz [84]. The best performance of the Glasgow
prototype detector described in [37] was 5 x 10-*m/v/Hz around 1kHz. All
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these measurements were made with an argon ion laser source. Recently the
TAMA 300 project has attained a spectral density of displacement sensitivity
of 2 x107*®*m/+/Hz around 1kHz using an injection locked Nd:YAG laser in a

power recycled Fabry-Perot Michelson arrangement [85].

6.2 Measurement

The spectral density of the frequency noise of the Nd:YAG laser was reduced
to a level of 2 x 10°Hz/v/Hz around 1kHz as measured with the secondary
cavity as a frequency discriminator. This corresponds to a displacement of
7x107®m/+/Hz since % = %—" and given the cavity length L = 10 m and laser
frequency v = 2.82 x 10'* Hz. The frequency noise is not reduced to the shot
noise limit due to lack of gain in the frequency noise reduction servo. Residual
frequency noise both in the gravitational wave band and at higher frequencies
is common to both cavities of the detector. The demodulated photocurrent
from the primary cavity photodiode PD4 gives information on the residual
frequency noise of the laser. The effect of this residual noise can be reduced
using common mode rejection. The signal due to excess frequency noise can be
subtracted from the secondary cavity locking servo. With careful consideration
of the different optical properties of each cavity (dominated by their differing
finesse), several dB’s of common mode rejection is possible, allowing the shot

noise limit to be reached. This common mode rejection of frequency noise

allows a more sensitive displacement sensitivity to be measured.

6.3 Results

The prototype interferometer was operated using the NPRO as the light source
with around 15mA (cavities unlocked) of diode photocurrent from each pho-

todiode (same as Fig4.5). The spectral density of displacement sensitivity was
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Figure 6.1: Spectral density of displacement sensitivity obtained using the

ftPRO as the light, source. Spikes are mainly mains in origin.

measured to be ~ 5 x 10 19m/ AH z at best and was limited by shot noise in
the detected light. The spectral density of displacement sensitivity is shown
in Fig6.1 along with the calculated shot noise level. The cavity storage times
were similar at 220ps and 230/iS for primary and secondary cavities. Cali-
bration of the displacement sensitivity is achieved as described in Chapter 4,
using the static secondary outboard mirror response to an applied signal to
the coils. The cross check is still performed by modulating the length of the
primary arm. Although this imposes a frequency noise to the laser, it is not

a common mode noise so is not removed by the common mode subtraction

technique.

6.4 High power measurement

To improve the sensitivity, more light power is required to reduce the limit set
by shot noise. The injection locked laser has sufficient output power such that

the power handling ability of the detection photodiodes becomes the limiting
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Figure 6.2: High power acceptance photodiode tuned to 12 MHz. Photodiode

400n

1s mounted to a Peltier cooler to remove excess heat.

factor. The EG&G InGaAs photodiodes have a rated maximum of 100 mA pho-
tocurrent and 250 mW of power dissipation. To achieve the response required
to detect the 12 MHz modulation frequency (necessary for the rf-reflection
lock), several volts of bias are required to reduce the capacitance of the diode
junction. Around 600mW of power was then dissipated by the photodiode
and for this reason the photodiode was mounted to a Peltier cooler to remove
excess heat'. The photodiode amplifier circuit is shown in Fig6.2 and the cir-
cuit is tuned to 12 MHz to give the maximum possible sighal at the modulation
frequency while attenuating out of band signals.

The injection locked laser was used as the light source and around 70 mA of
photocurrent was produced from each diode in the unlocked state. This level
of photocurrent was used due to saturation problems if higher power levels
were incident on the photodiode. The primary cavity storage time at 120us
was lower than in the measurement with the NPRO as the light source, due to
contamination of the mirrors. The spectral density of displacement sensitivity

is shown in Fig6.3 and was found to be at a level of 4 x 107 m/+/Hz around

Peltier cooling assembly designed and built by A. McKellar
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Figure 6.3: Spectral density of displacement sensitivity obtained using the
injection locked laser as the light source and high power acceptance photodiodes.

The solid line is the shot noise limit.

1kHz.
The shot noise limit for this measurement was at a level of ~ 3x I(T1o9m/\/Hz
at 1kHz so this is not the limiting noise source. More likely is that the con-
tributions from the shot noise and thermal noise combine to limit the mea-
surement. Thermal noise as described in Chapter 1 arises through random
thermal positional fluctuations of the atoms in the mirror. In this experiment
with the injection locked laser the magnets were bonded to the rear of the sec-
ondary outboard mirror with superglue. Using superglue is likely to lower the
factor of the mass internal modes and degrade the displacement sensitivity
limited by thermal noise. A measurement of the Q-factor of the secondary
outboard mass found the Q-factor of the fundamental mode to be around
3.6 x 104 [86]. This would produce a spectral density of thermal noise from
this mirror of 2x10 19m/\/Hz around 1kHz [87] and gives an approximate
thermal noise level for the detector. The Q-factors of the other mirrors were

not measured, but given that they do not have large magnets glued to them,
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Figure 6.4: Position of the smeared grease applied to the mirror mass.

their contribution to the total thermal noise is believed to be less and will be
ignored 2. The combination of the thermal noise and the shot noise at a level
of 3 x 107 m/+/Hz gives a spectral density of noise approximately consistent

with the measurement and explains why the shot noise limit was not reached.

6.5 Direct measurement of thermal noise

The spectral density of displacement sensitivity limited by thermal noise in the
1kHz region is degraded if the Q-factors of the internal modes of the mirror
are reduced. As previously discussed magnets bonded to the mirror mass have
a detrimental effect on the Q-factor, and a more severe effect can be observed
if grease is applied to the mirror to damp the internal modes.

Apiezon vacuum compatible grease was applied to the secondary outboard
mirror. This mass, already having the magnets bonded to its rear, was thought
to have the lowest Q-factor of its internal modes. The grease was applied in
three broad stripes as in Fig6.4 and Fig6.5 to maximally damp the internal
modes. The spectral density of displacement sensitivity was then measured

again and the results of this measurement and the measurement discussed

2There are small magnets bonded to the outboard mirror of the primary cavity for cali-
bration purposes, but they are very small in comparison to those bonded to the secondary

outboard mirror
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Figure 6.5: One of the strips of grease applied to the mass.

previously are shown in Figeé.¢ over a wide bandwidth and Fig6.7 at low
frequencies. There is clearly broadband noise limiting the spectral density of
displacement sensitivity to ~ 2 x 10 18m/v/Hze

A measurement, of the quality factor of the internal modes of the mirror with
the grease applied [88] showed that the added damping provided by the grease
had reduced the quality factor of the fundamental mode by over a factor of
ten. It is believed that, the limiting noise noise is now the thermal noise of the

mirror mass.

6.6 Conclusions

A spectral density of displacement sensitivity of 5 x 10 19m/\/Hz was mea-
sured using the NPRO as the light source. This was limited by shot noise in the
detected light. This was the first shot noise limited displacement sensitivity
obtained using an infra-red laser as the light source. Published results can be
found in [89]. With the injection locked laser as the light source a slightly im-

proved level of spectral density of displacement sensitivity of 4x10 19m/\/Hz
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Figure 6 .6 : Spectral density of displacement, sensitivity measured with injection
locked laser in previous experiment, (red) and with grease applied to secondary
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Figure 6.7: Low frequency spectral density of displacement sensitivity mea-
sured with injection locked laser in previous experiment (red) and with grease

applied to secondary outboard mirror mass (blue). The shot noise limit is the

black, line.
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was attained, limited by a combination of shot noise and thermal noise. This is
again a crucial experimental step for interferometric gravitational wave detec-
tors and demonstrates for the first time close to shot noise limited performance
using an injection locked laser. Published results can be found in [90]. The
Q-factor of the secondary outboard mass was lowered by smearing grease on
the mirror mass and the thermal noise limited sensitivity was found to be at
a level of ~ 2 x 107® m/+/Hz. This shows that off resonance thermal noise
can be measured directly using an instrument of this type. Damping the qual-
ity factor of the internal modes severely compromises the detector sensitivity
limit due to the thermal noise. This opens up the possibility of measuring
thermal noise and testing models of thermal noise behaviour, allowing a better

understanding of the phenomenon to be obtained.
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Chapter 7

Calibration of prototype
detector using radiation

pressure

7.1 Introduction

The calibration method for the detector described in Chapters 4 and 6 used
a coil/magnet arrangement to introduce a time varying length change to the
primary cavity, thus introducing a modulation to the stabilised laser frequency.
The magnitude of this frequency modulation was then calibrated by observing
the feedback signal to the AOM, the frequency actuator in the band of interest.
This method produced a reliable calibration of the detector sensitivity but has
the disadvantage that the magnets bonded to the mirror in the primary cavity,
lower the Q-factor of the internal modes of the mirror [91]. This reduction in
(Q-factor can degrade the displacement sensitivity limit set by thermal noise
in the detector.

Large scale interferometric gravitational wave detectors may use similar tech-

niques to calibrate the displacement sensitivity of the detector. One arm length
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Figure 7.1: A4 schematic of the Glasgow prototype gravitational wave detector.

Frequency stabilisation schemes are simplified for clarity.

will 1)e changed relative to the other by a determinable amount. Radiation
pressure has been suggested as a method of moving a cavity mirror in the
LIGO and GKO detectors and varying the length of one arm [92, 93]. This
technique has the advantage that it does not require any mirrors to be altered
thus maintaining the Q-factor of the mirror internal modes, lo verify the va-
lidity of 1his method for calibrating large scale gravitational wave detectors,

an experiment to calibrate the prototype detector in this way was performed.

7.2 The experiment

lo apply the radiation pressure, light from a low power Lightwave NPRO

[47] was incident on the mirror labeled M1 in Fig7.1. The light was reflected



at the rear of the highly reflecting coating applied to the front face of the
mirror. The laser power was amplitude modulated at a particular frequency
so that any displacement of the test mass resulting from the radiation pressure
was seen as peak at this frequency in the spectrum of the spectral density
of displacement sensitivity of the detector. The Lightwave NPRO can be
amplitude modulated to a modulation depth of 100% at frequencies of interest
and a 160mW ..k output is obtained. Since the test mass is suspended as a
pendulum, as described in Chapter 2, the expected response to the modulated

laser light is readily estimated. The displacement of the mass is obtained from
- : F(t
x+lx+w§1:= £t) (7.1)
m m
where v is the damping constant, wp is the fundamental frequency of the
pendulum, m is the mass of the test mass and F(¢) is the time dependent

force resulting from the modulated radiation pressure. F(¢) is then given by

F(t)= 2—%—[1 + sin(wmt)] (7.2)

C
where P, is the un-modulated laser carrier power, ¢ the velocity of light and
wn is the angular modulation frequency. For w,, > wo and w2 > 2= the

displacement z(¢) has the form

2F 2F
2 02 sin(wy,t — @) (7.3)

2 +
meowy  mewps,

x(t) =

where ¢ is a phase shift of ~ 7. The rms value of the time dependent compo-

nent of the displacement is therefore

2F,

Trms = .
\/imcz.«);‘;1

(7.4)

7.3 Calibration

The displacement sensitivity of the detector is derived from the signal fed to the

coils in the reaction pendulum in Fig7.1, which represents differential length
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Figure 7.2: Power spectrum of the feedback signal to the secondary cavity end
mirror with calibration peaks applied. Spectra are for application of peak via
coil/magnet arrangement at 339 Hz (labeled A) and via radiation pressure at

342 Ih (labeled B).

change between the two Fabry-Perot cavities. This signal can be calibrated by
varying the length of the primary cavity and using the AOM feedback signal
or by 1lie static mirror response method described in Chapters 4 and 6.

To calibrate the displacement resulting from radiation pressure, the mirror
M1 was moved at a frequency wm by using radiation pressure. This produced
a peak in the spectral density of displacement sensitivity. Ihe displacement
corresponding to this peak was then calibrated by applying a determinable
displacement at iom —3 Hz by means of the coil magnet arrangement. A sam-
ple of the results is shown in Fig7.2. These spectra show the feedback signal
at X with mirror M1 moved by the coil/magnet arrangement and by the radi-
ation pressure scheme. Ihe relative height of the two peaks allows the motion

resulting from radiation pressure to be calculated.
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Figure 7.3: Calibrated motion of mirror resulting from radiation pressure at

different frequencies. Also shown is predicted response.

7.4 Results

The calibration described above was performed at a number of different mod-
ulation frequencies. lhe resulting calibrated mirror motion is shown in Fig 7.3
at each frequency. Also shown is the predicted response based on Equation 7.4.
I he radiation pressure induced displacement can be seen to follow the theo-
retical prediction within error proving its validity as a method of calibrating

interferometric gravitational wave detectors.

7.5 Conclusions

Radiation pressure has been demonstrated as a valid non-ini rusive method of
detector calibration. The results agree with the prediction of mirror motion
for a given radiation pressure and modulation frequency based on a simple

model of the pendulum. Using this technique the calibration peak from the

91



radiation pressure can be left as a permanent marker without degrading the
detector sensitivity. This is the first time a fully suspended prototype detector
has been calibrated using this technique. Published results can be found in

[94].
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Chapter 8

Evaluation of optical

components for GEO 600

8.1 Introduction

Gravitational wave detectors require very high quality optical components,
some of which must be specially manufactured given the stringent specifica-
tions. Of particular importance are polarisers and electro-optic modulators,
each of which play a crucial role in interferometry. LEYSOP [95] manufactured
these components for use in GEO 600 and the optics were first tested in the
Glasgow prototype interferometer. This chapter contains a summary of the

properties of these components.

8.2 Polarisers

Many polarisers are to be used serially in GEO 600, individually and as part
of other optical components. To avoid attenuating the laser power, it is im-
portant that the polarisers have a very small insertion loss. Further to ensure
highly polarised light enters the interferometer, the extinction ratio given by

the polariser must be high. LEYSOP manufactured calcite polarisers designed
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Figure 8.1: The GEO 600 polarising prism.

to meet these requirements, utilising the low bulk absorption of calcite at
1064 nm and the quality of the crystal which allows high extinction ratios to
the achieved.

Calcite is a uniaxial birefringent crystal and light polarised parallel to the optic
axis is an extraordinary ray (n. = 1.47) while light polarised perpendicular to
the optic axis is an ordinary ray (n, = 1.64). A diagram of a GEO 600 po-
larising prism is shown in Fig8.1 and is similar to a Glan-Thomson polariser.
Laser light enters the prism at normal incidence. The ordinary and extraordi-
nary rays then encounter different refractive indices as they pass through the
polariser, and at the angled output face, the ordinary ray is totally internally
reflected while the extraordinary ray is transmitted. This splitting separates
the two orthogonal polarisations so polarises the laser light.

The polarisers are generally used in transmission so an anti-reflection coating
is required on both input face and the angled output face.

A power meter was used to measure the loss encountered by the transmitted
polarisation. Using approximately 500 mW of polarised laser light, the power
before and after the polariser was measured. The loss was measured to be
~ 0.4 +0.1%.

The disadvantage of the polarising prism is that the laser beam is angularly

deviated after passage through it. To overcome this problem, two prisms
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can be placed back to back, with a small air gap between them, the second
compensating for the angular deflection.

The combined loss for this assembled polariser was measured to be ~ 14+0.1%
with the 500mW laser, and a similar measurement was obtained using 10 W
of laser power in experiments performed at the Laser Zentrum Hannover !.
Further the extinction ratio was measured using the 10 W laser, as shown in
Fig8.2. A polarising prism first polarised the laser light and an assembled
polariser analysed the resulting polarisation state. The highly polarised light
enters the analysing polariser and is dominantly rejected from the angled face.
The residual orthogonally polarised component is transmitted through the
assembled polariser. The extinction ratio was found by careful measurement
of this transmitted light. The ratio of input power to transmitted power gives
the extinction ratio measured to be > 10°.

These polarisers meet the specifications for use in GEO 600.

LA prototype GEQ 600 laser was used and the experiment was performed with the assis-

tance of O.S. Brozek.
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8.3 Brewster prism

The dominant transmission loss associated with the prisms described above
was believed to be caused by imperfections in the anti-reflection coatings.
A polarising prism which does not require anti-reflection coatings, yet gives
improved performance was designed by Dr. G. Newton. It uses Brewsters angle
to minimise the losses encountered at each face.

Its operation can be understood from Fig8.3. An unpolarised laser beam
enters the prism and in this case, because the incidence angle is not normal,
the two orthogonal polarisations are split. Generally the polariser is used
in transmission, so the prism angles are selected such that the transmitted
extraordinary ray is incident on both the input face and the output face at
Brewsters angle. If the optic axis is aligned as shown in Fig8.3 then the angle
between the two polarised components is maximised and the ordinary ray is
totally internally reflected [96]. Careful alignment of the polariser is crucial
to obtain best performance, given that the critical angle for total internal
reflection is 37.52° and the ordinary ray is incident on the output face at
37.70°.

Initial experiments to measure the transmission loss using a technique de-
scribed previously, demonstrated that the prism was performing as expected.
The measured loss was largely dominated by experimental error, so to char-
acterise the prisms performance, a more accurate measurement technique was
needed. A second identical Brewster prism was used to produce an assem-
bled polariser in the same way as the GEO 600 polariser. This assembled
polariser did not change the angle of the incident laser beam, although the
laser beam was now offset after transmission. The loss of this assembled po-
lariser was measured using a technique developed for measurements of ultra-
low loss super-mirrors [97]. The measurement involved placing the assembled

polariser in a high finesse Fabry-Perot cavity. The decay time for the cavity
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was measured and compared to that for the high finesse cavity without the
intra-cavity polariser. The change in the storage time gives information on the
extra intra-cavity loss and hence the loss associated with the polariser. Using
this technique the transmission loss for a highly polarised and well collimated
laser beam was measured to be 220 4 80 ppm.

The extinction ratio was measured in a similar way to that of the GEO 600
polariser to be > 3 x 106.

These prisms are more difficult to use given the high degree of alignment
required for optimal performance, but the low insertion loss coupled with high
extinction ratio makes them very useful where power loss is an important

factor.

8.4 Electro-optic modulators

GEO 600 electro-optic modulators must have low insertion loss to maximise
power throughput, so good anti-reflection coatings are required on all faces.
The absorption loss must be low to minimise thermal lensing effects. Further,
the effect on the laser phase front should be minimal and a low half wave

voltage is desirable to allow a large modulation index to be achieved.
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8.4.1 Insertion loss

Wide aperture LiNbOj electro-optic modulators manufactured by LEYSOP
were tested. LiNbQOj has a refractive index of ~ 2.2 at 1064 nm so at normal
incidence ~ 14% of the incident light is reflected. The modulators are assem-
bled as shown in Fig 8.4 so there are four air/crystal boundaries. The aperture
is 8 mm, considerably larger than other commercially available modulators. A
good AR coating is needed to reduce the insertion loss to acceptable levels.
The reflection coefficient from the AR coated surface was initially measured
to be poor but was improved to less than 1% with a different coating.

Based on the reflection loss measurements an estimate of the absorption loss
could be made by measuring the fraction of light transmitted through the
modulator. The absorption loss for the modulator was estimated to be less

than 0.8% or ~ 1500 ppm/cm.

8.4.2 Electro-optic properties

The capacitance of the LiNbO3 modulator at ~ 20pF was found to be compa-
rable to the capacitance of a GSANGER PM25-IR modulator. PM25 modu-
lators are commonly used for IR applications and it was useful to compare the
electro-optic properties of each type. A resonant circuit shown in Fig8.5 was
built to generate the high voltages required to drive the modulators. Since the
LiNbO3; and PM25 modulators were of similar capacitance they were inter-

changeable in the resonant circuit. An HP generator provided the RF signal
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Figure 8.5:  Resonant circuit to drive electro-optic modulators.

and a Motorola RF amplifier gave 30dB of gain. A SWR/RF power? meter
was used to optimise the impedance matching and measure the forward power.
A 50 co-axial cable linked the resonant circuit to the driving electronics.

Two PM25-IR modulators were tested to assess how much modulation depth
was attainable. The modulation depth is characterised by the modulation
index # in Equation 2.21. The forward power measured on the rf-power meter
was 1 W in each case and the modulation depth was measured by viewing the
optical carrier and sidebands with a scanning Fabry-Perot cavity as shown in

Fig8.6. From Equation 2.22 the ratio of sidebands to carrier is given by
(/1(8))*

(Jo(8))?

allowing the modulation index 8 to be calculated. For the PM25 modulator
with 1 W of RF power driving the resonant circuit the modulation index was
0.25rad.

The LiNbO3 modulator was inserted in the same circuit and the tuning opti-
mised by squeezing the transformer coil slightly and making a small change to
the modulation frequency. Again 1 W of forward power was measured on the
rf-power meter. The carrier and sidebands can be seen in Fig8.6. Now the
carrier is almost completely suppressed and out to the fourth order sideband
can be seen. This corresponds to a modulation index of 2.3 rad.

The half-wave voltage of the LiNbO3 modulator was measured as shown in

Fig8.7. The voltage required across the modulator crystal to take the trans-

2Standing Wave Ratio
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Figure 8.6: Modulation levels measured with a scanning Fabry-Perot cavity

using PM25 (top) and LiNbOs3 (bottom).
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Figure 8.8: The Michelson interferometer used to test for beam distortions.

mitted light through the polariser from minima to maxima is the half-wave
voltage. It was found to be 600 V.

The PM25-IR modulators are limited to applying small modulation depths
with typical relative optical carrier to sideband ratios of over 100. The LiNbO3
modulator however can produce modulation depths well above those required

by GEO 600 with easily attainable RF power levels.

8.4.3 Phase front distortion measurements

The phase front distortion was measured using a Michelson interferometer as
in Fig8.8. The length of each arm was 50 cm. The light source was the NPRO
with a beam diameter (2w) of 1.5 mm at the beam splitter.

The Michelson interferometer was first tested without the modulator in place.
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Figure 8.9: Bright arid dark fringe obtained with EOM in one arm.

The dark fringe intensity was measured to be less than 0.1% of the bright fringe,
by sweeping the length of one arm with a PZT and viewing the intensity of
the fringe pattern on an oscilloscope. A Brewter plate was used to equalise
the optical loss in each arm.

With the modulator in one arm of the interferometer, the other arm length was
shortened to optimise the interfering beam sizes at the beam splitter. The dark
fringe power was minimised by rotating the Brewster plate. 1lhis produced the
best cancellation of the 1EMoo mode by compensating for the loss imposed by
the modulator. The resulting dark fringe power was 1.8% that of the bright
fringe indicating that ~ 1.7% of the laser power was contained in high order
modes after double passing the LiNb0O3 modulator. The bright fringe and dark
fringe intensity profiles are shown in Fig8.9

The Michelson interferometer was slightly misaligned to show linear fringes.
Any phase front distortions not common to both arms of the interferometer
would distort the fringe pattern. The resulting fringe patterns showed no
evidence of distortion.

IThe modulator was rotated slightly from normal incidence during the experi-

ments to prevent reflections from the AR coated faces interfering.
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8.5 Conclusions

The polarisers have been shown to meet the requirements for GEO 600 in
terms of their optical losses and extinction ratio. The experiments with the
novel Brewster polariser have demonstrated the possibility of making a very
low loss polariser with no anti-reflection coatings on input or output face.
This may become important in the future when very high power lasers are
used in upgraded interferometric gravitational wave detectors, which could
damage optical coatings. The suitability of the large aperture LiNbOj electro
optic modulators for use in GEO 600 was demonstrated. Their optical and
electro-optical properties meet the requirements. Published results based on

this chapter can be found in [98]
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Chapter 9

Narrow-band phase noise
measurement around an
electro-optically applied rf

phase modulation of a laser field

9.1 Introduction

The frequency stabilisation schemes described previously used rf-reflection
locking [34] to derive an error signal centred on the resonant frequency of
a reference cavity. In these schemes a LiNbOj electro-optic modulator was
driven with an rf signal to provide phase modulation of the laser light. In
the case of Fig4.1 noise sources associated with the phase modulating process
could degrade the resulting frequency stability. Amplitude modulation of the
laser light due to, for example misalignment of the optic axis of the modula-
tor crystal and the polarisation vector of the light, combined with polarisation
sensitive optical components is well known. What is less clear is whether phase

noise over and above that of the intrinsic phase noise of the oscillator will be
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Figure 9.1:  The LiNbOj3 phase modulator showing how multiple reflections

could introduce phase noise.

imparted on the laser light.

This additional phase noise around the modulation frequency could arise
through a number of mechanisms. Consider Fig9.1 which shows one of the
LiNbOj electro-optic modulators described in Chapter 8. The electro-optic
crystal end faces are not perfectly anti-reflection coated, so light can be re-
flected between the end faces of the crystal. The light rays labeled A,B and C
have each traveled a different distance and will have different phase properties.
A similar effect can be produced if there is beam jitter on the laser beam. The
laser field will travel a different distance through the crystal depending on the
angle it enters the modulator, producing a time varying modulation depth.
This could lead to phase noise in addition to that of the oscillator. Crystal

imperfections could also lead to some additional phase noise.

9.2 Experimental method

Fig9.2 shows the schematic layout of the main components used in the mea-
surement. The NPRO was used as the laser source. It is necessary that beam
geometry fluctuations, and in particular beam pointing, be suppressed as they
would lead to a fluctuating path through the modulator and to a variable

phase delay. For this reason the laser field was passed through a single mode
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Figure 9.2:  Optical arrangement for the experiment. The oscillator can be

changed from a crystal oscillator to two phase locked HP signal generators.

optical fibre to suppress beam geometry fluctuations before being phase mod-
ulated at 12 MHz using the LiNbOj electro-optic modulator. A beam splitter
placed before the modulator split off a portion of the laser field which was later
combined with the field that had passed through the modulator. The recombi-
nation took place on a second beam splitter placed after the phase modulator.
The recombined field was then detected using an EG&G InGaAs photo-diode.
The resulting photocurrent consisted of two parts, a DC component due to the
laser power and a rf component due to beating between the modulated and
unmodulated laser fields. A wide bandwidth pre-amplifier and filter separated
the rf component at 12 MHz. Should the phase modulating process impose
phase noise on the laser field this would be seen on a rf spectrum analyser as a
broadening of the 12 MHz carrier. It is possible to increase significantly both
the resolution and sensitivity by mixing the 12 MHz signal from the detector
circuit with a pure local oscillator also at 12 MHz. To ensure that the fluc-
tuating output of the mixer is due to relative phase fluctuations between the
rf signal and local oscillator, amplitude noise in the rf signal was suppressed.

This was achieved using a high gain limiting amplifier placed before the mixer.
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Figure 9.3: The limiting amplifier used to remove AM from the rf signal.

The limiting amplifier is shown in Fig9.3 and it produced an approximate
square-wave, ~ 1.5V ,_, rf signal. Rf filtering was required after the mixer to

remove residual rf components of the mixer output signal.

9.3 Calibration

The laser field exiting from the phase modulator has the form
Eopt = Eoopt sin(wt + 3 cos(wrst)) (9.1)

where 3 is the phase modulation index and w, s is the angular frequency of the rf
drive. Expansion of Eq9.1, shows that the laser field will contain side bands at
Wopt £ Wy 7, Wope £ 2w, etc. Further the relative amplitude of the first order side

band to the amplitude of the optical carrier is given by H—%L where J,(3)

)2
are Bessel functions as described previously. By using an optical spectrum
analyser, the relative height between the 12 MHz side bands and the optical
carrier can be measured and is shown in Fig9.4. This allowed the modulation
index 3 to be determined. To provide a calibration marker against which the
phase noise background can be measured, two 12 MHz oscillators! were used.

The first was used to drive the phase modulator and the second provided the

local oscillator input to the mixer. The 12 MHz carrier frequencies of the two

Hewlett Packard model HP-33120A

107



oscillators were phase locked by injecting a common 10 MHz reference signal
into each oscillator. A calibration peak was then generated by applying a low
level amplitude modulation (AM) to the 12 MHz drive to the phase modulator.
The optical field then has the form

Eopt = Eoopt sinfwopit + B(1 + acos(wpt)) cos(wyst)] (9.2)

where o is the amplitude modulation index and w,, is the frequency of the
amplitude modulation. Expansion of Eq9.2 shows that w,,; is now driven at
three frequencies namely w, ¢, wr s + wy, and wy,; —wp,. The laser field now takes

the form

Eopt = Eoope sin {woptt + Blcos(w,st) + %(cos(wrf — W )t + cos(wys + wm)t)]} .

(9.3)
The additional frequencies appear as sidebands about the rf carrier frequency.
The rf signal from the photodiode was analysed using an rf spectrum analyser?
and a typical result is shown in Fig9.5. The height of the amplitude modu-
lation sidebands relative to the rf carrier allows the level of phase modulation
due to the amplitude modulation at w,, to be calculated. Subsequent measure-
ment of the background noise relative to the calibration peak in Fig9.6, using
a low frequency high resolution spectrum analyser® yields an estimate of the
upper limit to the additional phase noise amplitude spectral density imposed

by the phase modulator.

9.4 Results and Discussion

From Fig9.4 the height of the 12MHz sidebands are seen to be 1/6 of the
optical carrier, giving a phase modulation index of # = 0.76. Fig9.5 shows the

520 Hz calibration marker to be 45 dBv below the 12 MHz side band and Fig9.6

2Hewlett Packard model HP-8591E
3Stanford Research Systems model SR780
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Figure 9.4: Modulated carrier with 12MHz sidebands as viewed with a scan

uing Fabry-Perot optical spectrum analyser.

Figure 9.5: 12MHz signal with calibration sidebands at 12 MHz + 520 Hz

Vertical scale is [OdB/div.
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Figure 9.6:  The upper spectrum shows the 520 Hz calibration peak gener-
ated using two phase locked oscillators, one AM modulated driving the phase
modulator, the other unmodulated supplying the reference input to the mizer.
The lower dashed spectrum shows the additional phase noise amplitude spectral
density when the phase modulator and mizer are driven by a low noise crystal
oscillator of the type to be used in large scale gravitational wave detectors. The

lower solid spectrum shows the electronic noise in the detection electronics.

shows the background noise level (dashed lower spectum) above 150 Hz to be
95dBv below the calibration marker. Also shown in Fig9.6 is a spectrum of
the noise associated with the measurement electronics (solid lower spectrum).
This is seen to be flat over the 800 Hz measurement interval. These mea-
surements set an upper limit to the phase noise amplitude spectral density of
4 x 1078 rad/v/Hz.

Fig 9.7 shows both the GEO 600 specification for phase noise around the mod-
ulation frequency and also the measured level. The GEO 600 specification was
produced using FINESSE [99] an optical modeling package [100]. The cal-
culation is based on assuming perfect interferometer contrast such that the

shot noise in the detected light is due to the phase modulation sidebands. If
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Figure 9.7: Phase noise around the modulation frequency and the GEO 600
phase noise specification. Spikes are mainly due to the UK 50 Hz line frequency.
GEO 000 uses a signal recycling technique to obtain best sensitivity at 200 Hz.
This leads to the dip in the phase noise budget at that frequency. A numerical
simulation of the GEO 000 interferometer allowed the effect of phase noise
imposed by the modulation process to be evaluated. This calculation was done

using EINESSE an optical modeling program.

it is assumed a noise contribution a factor of 10 below this level is tolerable,
and that this noise is due to phase noise around the modulation frequency,
the phase noise specification can be numerically derived. The shaping of the
spectrum is due to the coupled cavity arrangement that exists in GEO 600.
The power and signal recycling cavities provide filtering of phase noise around
the modulation frequency and the lowest specified phase noise at ~ 200 Hz
corresponds to GEO 600 most sensitive frequency. The level of phase noise im-
posed by the modulating process is well below the GEO 600 specification, so
the sensitivity of the detector to gravitational waves will not be compromised

by this mechanism.
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9.5 Conclusions

An upper limit to the amplitude spectral density of additional phase noise
imposed on the laser field by an electro-optic modulator around the modulation
frequency of 12 MHz was found to be less than ~ 3 x 10~®rad/v/Hz. This was
measured over a bandwidth of 800 Hz from the modulation frequency and was
achieved when driving the modulator with an rf signal large enough to achieve
a modulation index of 0.76. Published results based on this chapter can be

found in [101].
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Chapter 10

A single frequency Yb:YAG

laser source

10.1 Introduction

Future generations of gravitational wave detectors will require low noise lasers
with much higher powers than are currently attainable. LIGO 2 is expected
to use a 100 W Nd:YAG laser source [102] in the form of a two stage amplifier
system. This technique has been shown to produce the power levels required
but for later detector upgrades, Nd:YAG may not be a suitable gain medium.
Yb:YAG offers the possibility of producing lasers with CW output powers of
tens to hundreds of kilo-watts [103] while maintaining the favourable properties
of Nd:YAG.

Yb:YAG absorbs strongly at 940nm, a region of the spectrum where high
power laser diodes are available. YAG can be doped a factor of ten more
strongly with Yb than Nd atoms, so higher gain is available from similar sized
crystals.

The energy level diagram of the Yb:YAG system is shown in Fig10.1 with the
4-level Nd:YAG system at 1064 nm for comparison. Note the relative separa-
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Figure 10.1:  FEnergy level diagrams for a Nd:YAG and Yb:YAG laser

tion of ground state and lower laser level in each case. In the 4-level Nd:YAG
case the spacing of the levels at 2111 cm™ prohibits thermal population of
the lower laser level at room temperature. In the case of Yb:YAG significant
thermal population of the lower laser level occurs at room temperature, and
for this reason it is known as a quasi 3-level system. The practical conse-
quence of the populated lower laser level is that re-absorption of the emitted
1030 nm radiation can occur. This results in a higher threshold pump power
than would be required if the lower laser level was un-populated. Above the
lasing threshold a Yb:YAG laser behaves similarly to a 4-level system. The
Yb:YAG could be made to behave as a 4-level system if the crystal was cooled
and the population of the lower laser level reduced. Yb:YAG has become a vi-
able gain medium recently given the availability of pumping diodes at 940 nm.
Flashlamp pumping is not efficient because in contrast to Nd:YAG where many
excited states decay to the upper laser level, only one excited state relaxes to
the upper laser level.

At the Ginzton Lab, Stanford University a high power diode pumped Yb:YAG

laser is being constructed which will be used initially as an oscillator, but
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planned experiments will test its performance acting as an amplifier. To probe

this amplifier a single frequency Yb:YAG laser source was constructed.

10.2 Design considerations

In a free running solid state laser cavity, the electric field pattern is a superpo-
sition of several axial modes, so some technique must be employed to produce
oscillation at only one frequency. Spatial hole burning makes single frequency
operation in a standing wave cavity difficult to achieve. Spatial hole burning
can however be eliminated by producing a unidirectional traveling wave in a
ring cavity. This can be achieved by introducing a differential loss between the
two counter-circulating traveling waves in a ring laser cavity. The dominant
traveling wave will then be in the propagation direction which has the lowest
loss. This can be achieved by inserting a Faraday rotator and half wave plate
into the cavity. If one mirror acts as a polarisation selector (higher reflectivity
of s-polarisation than p-polarisation) then the optic axis of the half wave plate
can be optimised, such that no loss is experienced for the light propagating in
one direction, while the counter-propagating light is attenuated.

The polarisation rotation given by the half-wave plate can instead be produced
by a non-planar reflection at a cavity mirror as is done in commercial NPRO’s
reducing the number of intra-cavity components and cavity loss.

The aim here was to achieve unidirectional, single frequency operation of a
Yb:YAG laser by employing this non-planar ring oscillator technique. A NPRO
of the type described in [48] cannot be built due to the low Verdet constant of
Yb:YAG.
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Figure 10.2: Pumping scheme schematic

10.3 Pumping scheme

A 3W Opto-power OPC-D003-940 diode was used as the pump source. The
diode was water cooled and a re-circulating water cooler allowed temperature
and wavelength tuning of the nominal 940 nm output. The diode output was
coupled into an optical fibre to give the high brightness pump source required.
The light from the fibre was focused to a spot size of 110 yum diameter using
two 5cm focal length lenses. After insertion of the dichroic cavity mirror
(M1 in Fig10.2) the pumping beam was astigmatic and was circularised by
introducing an astigmatism compensation plate, C1, in the pump optics. The
spot size was increased by these additional optics to 160 um diameter. The
0.5 cm radius, 800 um thick Yb:YAG disk was mounted in a copper heatsink
and positioned at the focus of the pump light.

At the gain medium there was ~ 1.3 W of pump light available, the reduction
due to non AR coated optics and the less than optimal performance of the
dichroic mirror. The absorption of the pump light at different diode tempera-
tures was investigated and is shown in Fig10.3. The absorbed power is close to
constant at all diode temperatures and 24°C was selected as a working temper-
ature. This represents a safe intermediate temperature, preventing condensa-
tion forming if a lower temperature were used while avoiding the degradation
in diode lifetime if operated at a higher temperature. Of the 1.5 W pump
power available 66% was absorbed in the Yb:YAG.
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Figure 10.3: Dependence of absorbed power in Yb:YAG with pumping diode

temperature.
10.4 Laser design

For TEMoo operation the diameter of the pump spot wp should be comparable
to the laser mode size w0 in the laser crystal. A con-focal cavity was found
to be the best cavity design to meet this requirement, consisting of two S5cm
radius of curvature high reflectivity mirrors, the dichroic flat high reflectivity
and an output coupler. A schematic of the cavity is shown in Fig 10.4 and
the cavity has a path length of 15cm. The gain medium lies at a focus of the

con-focal cavity so thermal leasing effects are minimised.

10.5 Laser performance

The free running laser oscillation was found to be bi-directional as expected
and in several longitudinal modes (viewed on scanning Fabry-Perot optical

spectrum analyser). The Faraday rotator was inserted giving approximately
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Figure 10.4: Non-planar cavity design.

Output coupler Maximum output Slope
transmission power (mW) efficiency
0.5% 34 0.10
2% 55 0.15
4% 82 0.25
9% 85 0.29
10% 70 0.26

Table 10.1:  OQutput power from non-planar ring cavity with different output

couplers

3° of polarisation rotation and by careful alignment of the laser mode, the
optimal incidence angle could be achieved and unidirectional operation could
be enforced. The counter-propagating direction could be selected by turning
the Faraday rotator around, reversing its effect. Single frequency operation
was achieved, verified using a scanning Fabry-Perot optical spectrum analyser.
The output was also highly polarised with a polarisation ratio > 100/1. The
M? of the laser was found to be 1.25 and 1.37 in the two orthogonal directions.
The laser performance was tested with a series of different output couplers. The
best power obtained with each and the corresponding slope efficiency (rate of

change of laser output power with pumping power) is shown in Table 10.1.
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I'he highest output power and slope efficiency was obtained with a 9 percent
transmitting output coupler. The dependence of output power with pumping
power is shown in Fig 10.5. The slope efficiency was 0.29 and the threshold
pump power was 850 m\V. I nfortunately not enough pump power was available
to ulilise this high extraction efficiency. The relationship between threshold
power and output coupler reflectance is shown in Fig 10.6. A Findlay-Clay
analysis [53] gives the single pass small signal gain gO to be 0.46Ppiimp. The
cavity loss would normally be obtained from Fig 10.6 by extrapolating to a
threshold pumping power of zero. In this case however the total losses are large,
comprising of the passive cavity loss and the re-absorption loss. Extrapolating
the fitted line leads to a large error. The Findlay-Clay analysis is therefore not

suitable to derive an accurate cavity loss for this laser.
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10.6 Relaxation oscillation measurements
A 4-level laser has a relaxation oscillation frequency given by
= (e = 1) (10.1)
(2m)?

[62] where ~, is the cavity decay rate, «; is the laser level decay rate and r is the

Pump power
threshold pump power*

normalised pumping rate given by A quasi 3-level system
has an additional factor due to the loss caused by the re-absorption by the
populated lower laser level. The corrected relaxation oscillation frequency is
given by

1 ocl
2o v(r—1 N
f (‘M)n y(r =11+ fi pope

[104] where the factor fiNolis the absorption loss in the gain medium of length

) (10.2)

[ and ion density N, situated in a cavity of optical length p. The occupation

probability of the lower laser level is f;. On substituting

—1
Yo = C(O‘L—pn@ (10.3)
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[105] the equation can be written as

2= et =)0+ ) (104

with ay, the intra-cavity loss, A the absorption loss and R the power reflectivity

of the output coupler.

The relaxation oscillation frequency was measured at different pumping rates
r and for different output couplers and a sample of the results are shown in
Fig10.7. Five different output couplers were used in total.

Using these results, a value for the intra-cavity loss can be derived. The

gradient of each of the graphs demonstrated in Figs10.7 is given by

d(f?) 1 A LYk Ry (10.5)

dir—1) (2%)27071(1 + ap — lnR) - (27)2 p

where A = ap, + A is the total loss.
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A linear relationship exists between —InA and the gradient. With a plot of

these as shown in Fig 10.8, the intercept on the axis is given by

1
(%)2%(% + A). (10.6)

With { = 800um, N = 1.38 x 10*"ions/m?, o = 3.3 x 10724 m?, f; = 0.048,

v = 1051 57! the cavity losses can be shown to be 0.06.

The theoretical value for the relaxation oscillation frequency can then be found
and compared with experimental results. Using the value of cavity loss found
above, the theoretical relaxation oscillation frequency can be obtained from
Equation 10.4. A comparison of experimental and theoretical values are shown
in Table10.2, for a sample of different output couplers and pumping rates.

Experiment and theory are in good agreement.

10.7 Conclusions

A single frequency Yb:YAG laser was constructed which operated in a highly
polarised, TEMgy mode. The output power was limited to 85 mW, but with a
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(r-1) | RO observed | RO theory
(kHz) (kHz)
0.35 80.00 77.70
0.22 62.25 61.40
0.05 30.00 30.73

(r-1) | ROobserved | RO theory
(kHz) (kHz)
0.69 87.50 88.40
0.39 65.00 66.10
0.11 35.50 35.30

Table 10.2: Comparison of measured and theoretical RO frequency for T=10%
(top) and T=0.5% (bottom)

slope efficiency of 0.29, the output power would rise quickly given more pump
power.

The relaxation oscillation frequency was measured for a series of different out-
put couplers and the results used to derive the cavity loss factor. Using this
loss factor, the measured relaxation oscillation frequency is in good agreement
with the theoretical prediction.

Yb:YAG may be the laser medium for future gravitational wave detectors.
In the absence of NPRO’s of the type described in [48] it may be that a
single frequency laser of this type will be required as a master oscillator. This
experiment demonstrates the possibility of making a simple low power single
frequency laser. It could be stabilised by locking it to a reference cavity to

reduce its frequency noise to a suitable level.
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Chapter 11

Conclusion

As large scale gravitational wave detectors come online the importance of re-
search work performed on prototype detectors will become clear. The expe-
rience gained operating prototype detectors which behave in a similar way to
large scale detectors is invaluable. This thesis was an account of the continuing
work performed on the Glasgow prototype detector. The work performed on
this detector along with the one at the Max Plank Institute in Garching and
at other institutes worldwide has formed the basis of knowledge for GEO 600
and other similar detectors.

In recent years only the Glasgow detector has been used to improve levels of
displacement sensitivity and at the commencement of the work in this thesis,
all the others were using Argon ion lasers. Given that all large scale detec-
tors are to use Nd:YAG lasers the need to perform experiments with, and
gain experience of these types of lasers was essential. Several key results had
not previously been demonstrated and the Glasgow prototype proved a useful
platform for these experiments.

A Nd:YAG laser was constructed and injection locked to produce 4 W of single
frequency light. A simple fringe side lock was used to hold the slave laser
within the injection locking range, the first time this has been used. This

laser offered several times more power than had been available with the Argon
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ion laser used before. The injection locked laser was frequency stabilised to
2 x 107°Hz/+/Hz around 1kHz. This is the first time a laser of this type has
been stabilised to the level required for gravitational wave detection.

This laser was then used as the light source for the prototype detector and a
spectral density of displacement sensitivity of 4 x 107'° m/+/Hz was measured.
This is the best result obtained with the Glasgow prototype and the best
obtained anywhere with a laser of this type. A better spectral density of
displacement sensitivity of 3 x 1071 m/v/Hz was measured at CalTech using
an Argon ion laser but this was centred at 400 Hz and the sensitivity degraded
only a few hundred Hz from the best point. The result with the injection locked
laser demonstrates for the first time a close to shot noise limited displacement
sensitivity with a laser of this type and is a crucial demonstration for the
operation of the GEO 600, TAMA 300 and VIRGO detcctors.

The internal Q-factor of one of the mirror masses was reduced by smearing
grease on its outer surface and the spectral density of displacement sensitivity
was degraded to 2 x 1071® m/+/Hz. This thermal noise limited spectral density
of displacement sensitivity is the first direct measurement of broadband off-
resonance thermal noise. This result demonstrates that in the future more
controlled experiments could be performed to experimentally verify models of
the thermal noise behaviour of mirror masses.

A method of calibrating large scale detectors using radiation pressure to move
one detector mirror has been suggested in the past. This was proven to be a
valid and accurate calibration technique using the radiation pressure from a
power modulated NPRO to move one mirror of the prototype detector. This
experiment demonstrates that magnets and coils otherwise used to move a mir-
ror mass need not be used. It may prove a useful technique for the calibration
of large scale detectors.

Optical components for GEO 600 were tested in the prototype detector. Low

loss calcite polarisers and LiNbOj3 electro-optic modulators were tested and
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shown to operate to the requirements of GEO600. A prototype of a novel
Brewster angled polariser was tested and is this is now being widely used due
to its extremely low loss and high extinction ratio. It is also cheap to produce
since it does not require any optical coatings. This polariser could be crucial in
the future when much higher power lasers are used which could damage optical
coatings. The excess phase noise around the modulation frequency imposed
by the electro-optic modulating process was shown to be less than ~ 3 x
lﬂ_grad/\/H_z proving that the sensitivity of GEO 600 will not be compromised
by this mechanism.

These experiments have demonstrated a displacement sensitivity around 1 kHz
limited by the the detected light power. The large scale detectors with im-
proved suspension systems and higher laser powers will now improve the levels
of displacement sensitivity further and over a wider frequency range. When
the increased arm lengths are considered these detectors will have strain sen-
sitivities comparable to some gravitational wave sources. It is then that ihe
astronomy of gravitational wave detection can begin and a better understand-

ing of astrophysical phenomena can develop.
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