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Abstract
Medium po\¡/er (5-10W) single frequency lasers with low intensity and frequency

noise, plus good beam quality are required for a range of high precision metrology

applications. Examples of such applications include laser interferometric detection

of gravitational \¡/aves and long range vibrometry. In this thesis I will describe

the development of a compact and efficient, single frequency, injection-locked, 5 
'W

Nd:YAG laser. The laser output is close to diffraction limited with M2 values of 1.0

and 1.2 in the horizontal and vertical planes respectively.

The slave laser is a diode pumped slab laser based on the co-planar pumped

folded zig-zag slab laser geometry. The slab is side pumped using a single twenty

watt laser diode array collimated by a Doric fibre lens. The slab is tranversely cooled

using Peltier cells that are air cooled.

We use injectionJocking to force single frequency operation and to transfer the

frequency stability of the monolithic Non Planar Ring Oscillator (NPRO) master

laser to the output of our slave laser. The inherrent stability of the slave laser

allows injection-locking for periods of up to 30 s without the use of servo control.

We achieve long term injection-locking by controlling the slave laser resonator using

a Pound Drever Hall frequency control servo system.

A heterodyne technique is used to study the phase fidelity of our injection-locked

laser compared to that of our master laser. We show that the slave laser contribution

to the frequency noise of our injection-locked laser is negligible compared with the

frequency noise of the free running master laser. This is in good agreement with

theory.

The relative intensity noise of the injectionJocked slave has also been measured

and is less than L0-5 l\Æ, at low frequencies. F\rrther intensity noise reduction, in

excess of an order of magnitude at low frequencies, has been achieved by electronic

feedback to the slave laser pump source (a high power multi-emitter diode linear

array). The laser is shot-noise limited above 5 MHz for 6 mA of detected photo-

current.
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Chapter 1

Introduction

Building lasers that are multi-watt, single frequency and user-friendly is a complex

problem. Such lasers are required for a range of applications, including high precision

interferometry and field based vibrometry. An extremely demanding application

is their use in the detection of gravitational radiation. This thesis discusses the

development of a nev/, more compact and efficient, 5 'Watt, diode pumped, single

frequency Nd:YAG laser.

In Chapter 1 I will review the progress in the field of medium to high po'n¡er,

single frequency, diffraction limited solid-state lasers and a few of their applications.

In Chapter 2 the design of the slave laser that is an optimum mix of efficiency and

inherent stability will be examined. In Chapter 3 the injection locking experiments

will be discussed, and in Chapter 4 intensity and frequency noise of the injection-

Iocked laser will be discussed.

I will begin this chapter with an overview of the techniques of obtaining multi-

watt single frequency solid state lasers Then I will discuss the particular use of these

Iasers in the interferometric detection of gravitational waves and field based vibrom-

etry. The laser performance criteria for these applications will also be discussed. In

the design of stable laser systems active control of various parameters is required.

I will therefore finish this section with a general introduction to control theory,

providing the necessary theoretical background to design the various stabilization

systems used in this work.

3
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1.1 Multi-watt single frequency solid-state lasers

Early work on frequency stabilized lasers was done predominantly for gas and dye

lasers[l]t2l[3][4] I5lt6l[7][8][9] [10][11][12] Lamp pumped solid-state laser systems were

unaül,racbive fcrr stable laser applications due to the large amount of noise generated

by the inefficiency of lamp pumping. More recently, advances in diode laser pumping

enabled solid state lasers to be attractive for stabilization.

In 1986 Kane and Byer [13] invented a monolithic Non Planar Ring Oscillator

(NPRO) solid state laser. This monolithic laser uses a magnetic field applied to the

Nd:YAG medium to produce Faraday rotation of the resonator mode polarization.

The out of plane resonator geometry provides polarization rotation that cancels

the Faraday rotation in one direction and exacerbates it in the other. Hence uni-

directional lasing in the monolithic ring oscillator is generated. The uni-directional

ring nature of the laser enables a travelling laser mode to be produced which re-

duces the effects of spatial holeburning compared with standing wave lasers. The

laser resonator is also compact, ensuring a large spacing between the axial modes

and thus limiting the number of these modes within the Nd:YAG linewidth. This

along with the significant reduction in spatial holeburning effects results in a sin-

gle frequency output. The monolithic resonator significantly reduces the effects of

environmental technical noise on the laser, and this laser is thus one of the most

inherently frequency stable lasers available [14]. Fbther, the uni-directional nature

of the laser significantly reduces its sensitivity to output being scattered back into

the laser resonator. This is a major cause of instability in standing wave lasers.

The free running frequency stability of these solid-state NPRO lasers has been

measwed using a heterodyne beat experiment between two independent oscillators

[1a]. The resulting beat note linewidth was found to be less than SkHz for a 100mS

mea^surement time. Fbrther work by Fhitschel et al. [15] showed that the frequency

noise of these lasers approached the fundamental Schawlow and Townes limit above

80kHz. For frequencies below 80 kHz, the frequency noise is limited by pump am-

plitude fluctuations[l6]. These pump fluctuations perturb the optical path length of

the laser, which produces excess frequency noise. Another measure of the ir"qn"n"y

stability is the coherence length which is greater than 1500 km [17].



1.1. MULTI-WA?? SING¿E FREQUENCY SOLLD-STATE ¿ASERS 5

The frequency of monolithic NPRO lasers has been actively stabilized by locking

the la"sers to a high finesse Fabry-Perot reference cavity[l8] [19][16][20]1211122)123112411251126l

[28], using the Pound-Drever-Hall technique[tO][ZO]. Day et al.[16] demonstrated

that the beatnote between two stabilized monolithic NPRO lasers had a linewidth

of 330 mHz. This result was achieved by locking the two lasers to adjacent ax-

ial modes of a single high finesse cavity. Using a single reference cavity enabled

com.mon-mode rejection of reference cavity noise. However, the width of the beat-

note is larger than the predicted shot-noise-limited performance. Even with the

common-mode rejection of reference cavity noise, it was thought that the locked

laser stability and the beatnote width were limited by the stability of the reference

cavity.

Later experiments improved the stability of the reference cavity using passive

noise reduction techniques (such as acoustic and vibration isolation) [23]1241126l[28).

Sandford and Antil[25] locked two lasers to adjacent axial modes of a reference

cavity and the beat signal between the two lasers was then compared to a stable

microwave source. The error signal was then used to actively stabilize the high

finesse reference cavity and a beatnote with a linewidth of less than 4mHz lvas

achieved. Uehara and Ueda[22] increased the detected reference power by combining

the output of several photodiodes and hence reduced the shot-noise limit. A shot-

noise-limited frequency stability at 100 Hz of. 4.2x10-5Hzltffi relative to the

reference cavity was achieved. Even better stability may be achieved when narrov¡er

linewidth cavities are used, such as the pre.stabilization cavities that will be used

on the laser interferometric gravitational wave detectors. Indeed, the use of a 10m

reference cavity enabled an argon ion laser to be stabilized to a relative stability of

a few x 10-5 tt z I .,ffi130], even though such lasers have orders of magnitude more

frequency noise than monolithic NPROs when free running [30]. To achieve absolute

long term stability a monolithic NPRO was frequency doubled and its frequency IMas

then compared and locked to a hyperfine transition in molecular iodine[3l].

Although the monolithic NPRO laser is extremely stable and efficient, its end-

pumped architecture limits the maximum available output power from a single de-

vice. The highest published output power of a monolithic NPRO is 1.8 Watts[32].
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(A.) Ouþut

Dark Port
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(c.) Beam Splitter

Optical
Gain Medium

Figure 1.1: Schematic of (A) Coherrent addition, (B) Optical amplifier and (C)
Injection locking or below threshold regenerative amplification depending on the
reflectivity of the beam splitter

To increase the power and maintain the stability of the monolithic laser, there are

4 possible choices, as illustrated in Figure 1.1.

o Coherent addition of the outputs from several lasers

o Master Oscillator Power Amplifier (MOPA)

o Below threshold regenerative amplification

o Injection-locking of a high pou/er laser oscillator

Coherent add.ition of several la"ser sources has been demonstrated. for Årgon-ion

lasers[33][34], HeNe lasers[35], diode lasers[36] and diode pumped Nd:YAG lasers[37][3S].

Laser

Laser

Laser
Gain

Optical

Laser
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This technique spatially overlaps a series of laser beams using binary phase gratings

[38][36][35]or beam splitters [33][34]. To achieve good efficiency, the lasers that are

combined must have high mutual coherence and be phase matched at the point of

combination. Mutual coherence is achieved by the electronic locking of one laser

resonator to another[33] or by deliberate leakage of the light field from one laser

into the resonators of the other lasers (injection locking)[33][34], or multiple beams

sharing the same resonator[36] . Phase matching is often achieved by path length ad-

justment, sometimes using active control involving apiezo electric transducer (PZT)

[33][34][38]. Very high efficiencies have been reported; Menard et al.[37] report co-

herent addition of two diode.pumped Nd:YAG lasers with an efficiency of 96.8%.

Veldkamp et al. [35] performed a proof of principle experiment, recombining seven

laser beams originally split from the same laser beam with an efficiency of 75%.

Although this method can be efficient, it would be quite complicated to combine

enough monolithic NPROs using this method to generate significant power levels.

An alternative means of increasing the output power of a low po\Mer single fre-

quency monolithic NPRO is to use an optical porü/er amplifier. One means of doing

this is the Master Oscillator Power Amplifier (MOPA) scheme. This technique is

best used in high power systems where the amplifiers can be well saturated. However

a cw MOPA laser [S9]developed by Lightwave Electronics Corporation was recently

manufactured for the Laser Interferometer Gravitational-Wave Observatory (LIGO)

project[40]. This laser amplifies a 1 W master laser using four double-passed am-

plifier stages, producing 10 'Watts of output power. The optical amplifiers used in

MOPA systems are broadband devices and hence accurate control of the frequency

response of the device is not required. However, at the 1 W input porû¡er level it is

difficult to fully saturate the amplifier gain medium. This has two undesirable ef-

fects; firstly, the amplifier adds excess noise to the master oscillator beam because of

amplified spontaneous emission (ASE) due to unsaturated gain. Secondly, unsatu-

rated gain leads to poor power extraction from the gain medium leading to reduced

efficiency. An additional problem with amplifiers is the possibility of wave-front

distortion which leads to a reduction in beam quality. i

7

Below-threshold regenerative amplification involves putting a resonator around
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the optical amplifer as illustrated in Figure 1.1. This provides positive feedback

to the amplifier for frequencies around the resonant frequencies of the resonator

and hence the gain is increased with a corresponding reduction in bandwidth. The

feedback is chosen such that the regenerative amplifier is just below threshold. and

hence does not self oscillate. This scheme has the advantage of increased power gain

from normally low gain Nd:YAG amplifiers and hence increased energy extraction

from the optical gain medium. The obvious trade-off for this increase in gain is

the need to keep the resonator resonant at the master laser frequency. Hence the

additional complication of servo control of the resonator of the regenerative amplifier

is required. Very little work has been done in developing this approach, possibly

because of the greater energ.y extraction available with injection-locking and the

simplicity of the optical amplifier approach.

Injection-locking involves injecting light from a single-frequency master laser into

a usually more powerful slave laser. The light is regeneratively amplified and if the

master laser frequency is sufficiently close to that of a free-mruring slave laser mode,

then the free-running modes of the slave are extinguished and replaced with an am-

plifred Version of the master. Hence a high power slave laser is controlled by a low

power master laser. This method has the advantage that it splits the burden of

efficient production of high powers and frequency stability into two laser systems.

It also bridges the gap in size and efficiency between amplifiers and oscillators [41].

In an injectionlocked laser the slave laser gain is well saturated and mode discrimi-

nation is provided predominantly by the slave laser resonator. Injection locking has

been demonstrated for many laser systems, including helium-neon[42], CO2[43][41],

diode [44], argon ion [3a][83], and Nd:yAG lasers [38][4b]1461147l [4s][4e][50]. The

work done on injection locking of medium pou/er Nd:YAG lasers will be discussed

extensiveþ in the next few paragraphs.

A great deal of effort has been applied world wide to demonstrate multi-watt
injection-locked lasers. Nabors et øt.l45l demonstrated a 13 W injection-locked laser

using a com.mercially available lamp-pumped rod gain medium, and showed that
injection-locking could be used to force unidirectional operation in a 13 W ring

laser without the use of an intracavity optical diode. Cregut et aL[50] produced
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an 18 \M, injection-locked, lamp-pumped, rod laser system that utilized two com-

mercially available laser amplifiers as the gain medium. Fleitag et aLlaSl achieved

20 W of injectionlocked laser power using 340 W of diode.laser pump power and

a sid+pumped rod architecture. The advantage of the rod laser architecture is

that the output is rotationally symmetric. However, further power scaling of an

injectionJocked laser using such an architecture is expected to be limited by ther-

mal birefringence.

Alternative pumping geometries include end-pumping and side.pumped slabs.

Yang et al.l[9l have demonstrated a 10 W injection locked laser that is extremely

efficient and is thus advantaged by not requiring water cooling. However the laser is

an end-pumped rod laser which is not scalable to higher pov/ers. Farinas et al.l[7l

have demonstrated an injectionlocked side-pumped slab laser that is scalable and

efficient. The rectilinear cooling geometry of the slab laser overcomes the problems of

increased cavity losses and polarizal,iondegradation caused by thermal birefringence.

We have developed a laser that will fulfill the requirements for gravitational wave

astronomy, by improving the slab laser concept using the Co-planar Pumped Folded-

zig-zag Slab (CPFS) architecture developed by Richards eú a/.[51]. The CPFS ge-

ometry was designed primarily to provide an inexpensive pulsed laser system for use

in field-based laser ranging experiments. The CPFS geometry provides a gain path

length that is twice as long as a conventional slab design [47] and nearly four times

that of a rod for the same length of crystal. As it has higher gain it is less sensitive

to resonator losses [52]. The folded zig-zag geometry ensures a good su¡eep out of

the gain region in the horizontal plane and the collimated diode pump light enables

a good match of the pumped region to the vertical extent of the mode. The efficient

sweep out of the pumped region and the high gain enable the CPFS geometry to be

one of the most efficient sid+pumped lasers available. In standing \rvave configura-

tion it produces over 6.4 W of cw multimode radiation from 18.3 W of pump light.

The efficiency and the compactness of the CPFS laser suggested that it would make

an ideal architecture for oru slab laser system. F\rrther work by Richards eú al. [53]

has demonstrated 14 W of multimode power and over 10 W of TEM6g radiation

when the laser is pumped by two 20 \M diodes. Recent work by Mudge et al.l64)has
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suggested that a modified version of the CPFS laser system may be scaled to over

the 100 W output por,¡/er level using a stable/unstable laser resonator.

The intensity noise of the laser is often required to be very low if it is to be

used in the forementioned experiments. At low to medium frequencies the intensity

noise of solid state lasers is generally limited by pump intensity fluctuations. These

fluctuations can be reduced by detecting a sample of the laser field and using it
to apply an electronic feedback correction to the laser pump source[55][56][57][5S].

At higher frequencies intensity noise is often limited by the Resonant Relaxation

Oscillation (RRO) which usually occurs between 100-500 kHz. Negative feedback

may be used to suppress the RRO [59][55][56]. Injection locking can also be used to

suppress RRO as the process effectively overdamps the relaxation oscillation [60][61]

[62][58].

Intensity noise suppression of lasers may also be achieved by feeding back to

a modulator that is external to the laser cavity[63]. This method is quite simple,

enables high noise reduction at low frequencies and has the advantage that being

external to the laser. However, the external modulator approach to intensity noise

reduction does not enable enough noise reduction at higher frequencies, and thus

can't suppress the RRO of solid state lasers using a single, simple feedback loop [64].

At frequencies beyond a few MHz solid state lasers are often shot or quantum noise

limited [65][66].

L.2 fnterferometric Detection of Gravitational Waves

The existence of gravitational rvaves was predicted over 75 years ago as a consequence

of Einstein's General Theory of Relativity [67][40][30]. Gravitational waves interact

extremely weakly with matter, and thus the detection of these waves will open a

new window to the universe, as well as verifying an important prediction of General

Relativity. When a gravitational wave passes through space it distorts spac+time.

Hence to detect them one must detect the strain in space created by their passage.

One means of doing this is to use a Michelson interferometer, which dåtects the

change of length of one arm with respect to the other. However, the predicted
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strain (f)aue to a galactic event that occurs with sufficient regularity to stand a

reasonable chance of being detected is estimated to be 10-21. Thus, the aim of the

first generation of laser interferometric gravitational wave detectors is to achieve a

spectral strain sensitivity of -3x L0-231\Æz at 200 Hz.

To achieve the required sensitivity, some extremely tight specifications are placed

on the laser system[30]:

o Output power )10 Watts

o Flequency noise of ç10-6H21lffi at L kHz

o Relative intensity noise of (5 ,O-a¡tffi, at lkHz

o Reliability

o Low beam jitter

For the second stage interferometers the poïver of the laser will need to be in-

creased to around 100 W.

The frequency noise is some 7 orders of magnitude less than that of the monolithic

NPRO. However, as w¿ts discussed earlier, monolithic NPROs have been actively

stabilized to within less than two orders of magnitude of this level and the required

loop gains have been demonstrated in stabilized argon ion lasers. F\rrther more, in

the case of the monolithic NPRO, the stabilization was limited by the shot noise

limit set by the amount of power that was detected and the linewidth of the reference

cavity. This limit will be reduced for the gravitational wave detector as extremely

narrow linewidth reference cavities will be used.

The relative intensity noise of a monolithic NPRO has been red.uced to 6x L}-B IJH z

at 1 kHz[57] bV direct feedback to the lur"r, pump source drive cturent. External

shutters, such as acousto-optic modulators, can also be used as convenient external

noise eaters, with large noise reduction possible at low frequencies[63].

The laser must be reliable as the gravitational wave detectors will run continu-

ously for long periods and must not be limited by laser failures.

The minimum specifications for the un-stabilized lase, r"q,rired for LIGO stage

1 are[68]:
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o > 10 W in a circular TEMoo mode

<1 W total in all non-TEMss modes

o Relative porver fluctuation, . ,t-s¡t/rtz hetween 100 Hz ancl 10 kHz

o Within 2 dB of the shot noise limit for 10mA of photodetector current

(7 xl}-e ltE) above 24.5 MHz

o Flequency fluctuations ( b00 x (100/f) Hzl,,,/Ez from100 Hz to 10 kHz

o Relative pointing angle fluctuations < 3 x 10-6 lr/H" above 1b0 Hz

The injection-locked laser we have developed is a 5 W device; the power was

limited by the number of pump diodes we had available. As was mentioned earlier

the CPFS laser design has already be shown to be capable of producing in excess

of 10W of TEMee mode ¡adiation. We have measured the beam quality of our laser

and have found it to be very close to diflraction limited. The frequency noise of our

injectionJocked laser system is limited by the frequency noise of the NPRO master

laser, and thus easily meets the LIGO stage 1 specifications. The free running

intensity noise of the injection locked laser satisfies LIGO stage 1 specifications.

It is even fiuther improved by using a simple feedback loop to the pump diode

driver. It is then suppressed to more than an order of magnitude below the required

specifications. The laser is shot noise limited for frequencies above 5 MHz for 6mA

of photocurrent.

For LIGO stage 2 approximately 100 \M of laser power will be required. To

achieve this the University of Adelaide Optics Group has proposed to injection-

lock a fibre-coupled diode pumped, unstable/stable ring resonator [5a]. The block

diagram for this system is illustrated as Fig 1.2. The proposed experiment uses two

stages to amplify the low power monolithic ma^ster to the 100 W level. To ensure

reliable injectionJocking of the 100\M laser, its master laser will be the medium

power laser presented here.



1.3. FIELD BASED LASER VIBROMETRY 13

recelver.

The laser requirements for field based vibrometry are significantly less demanding

than those required for laser interferometric gravitational wave detection. Ideally

the laser must have:

o Single frequency operation

o Shot noise limited intensity noise at heterodyne frequency,.

Figure 1.2: Schematic of the three stage. injectionlocking scheme

1.3 Field Based Laser Vibrometry

Field based laser vibrometry is another form of coherent laser radar. All mechan-

ical objects have a vibration signature which if measured, can be used to identify

them[69]. This is of particular interest if the vehicle is obscured or camourflaged.

A proposed laser vibrometry experiment is shown as Fig 1.3. The laser is used

to illuminate the target. The Doppler shifted return from the target (vibrating

object) is interfered with a frequency shifted sample of the original beam, and the

beat signal is detected with a fast, Iow noise photodiode. The beat signal is then

fed into a discriminator (frequency to voltage converter). The output voltage of the

discriminator is proportional to the instantaneous velocity of the vibrating object

and can be analyzed using fast Fourier tra¡rsform techniques.

A possible discriminator is shown as Fig 1.4. This discriminator is just the RF

equivalent of a non-path-matched Michelson interferometer. An alternative form

of frequency discriminator is a phase locked loop, such a^s is used in an FM radio

Low Power
Monolithic
NPRO laser

High Power CPFS
StableÂJnstable

laser

Medium Power
CPFS Stable

0.1 w l0w >100w

o Compactness, robustness and portability
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Figure 1.3: schematic of the proposed laser vibrometry experiment

Signal

Mixer
Band Pass
Amplifier

Voltage
Proportional
To
Input
Frequency

Low Pass

Phase Shift eg Delay Line

Figure 1.4: Schematic of a possible frequency discriminator of laser vibròmetry
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o Linearly polarized output

o Long coherence length

o Eye safe wavelength

The medium power laser presented here meets most of the above specifications

easily as they are less stringent than the requirements for LIGO stage 1. The laser

is efficient and thus it would be easy to convert it to an air-cooled unit, which along

with its compactness, would enable good field portability. To make the laser eye safe

the wavelength of the laser would need to be shifted from lp,m to approximately

L.íp,m. This could be done using a Optical Parametric Oscillator (OPO)[70].

L.4 fntroduction to Control Theory

In the work described in this thesis feedback is used to control various system pa-

rameters. Examples include the Nd:YAG slab laser temperature controller, and

servo control of the slave laser frequency so that it remains sufficiently close to the

frequency of the master laser to enable reliable injection locking.

Systems that do not use feedback are known as open loop systems. Control

theory texts [71][72] often use block diagrams to illustrate systems and a block

diagram of an open loop control system is illustrated as Fig 1.5. In systems where

the output must be well controlled, open loop systems require a very stable input

and a well defined gain that does not change with time. For extremely stable

applications, often the best components are not sufficiently stable and some form

of negative feedback is required. A block diagram of a system with feedback is also

illustrated as Fig 1.5

The equation relating the output C"¿(s) to the input R(s) for an open loop system

is

Ca (s) : G(s)R(s) (1'1)

where s is the Laplace transform variable and G(s) is the opLn loop gain of the

system. The output of a closed loop C"¿(s) system is related to the input by[71]
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Open Loop System

R(s)

nput

Closed Loop System

R(s)

nput

Figure 1.5: A block diagram of an open loop and close loop system

(1.2)

It can be seen from Equations 1.1 and 1.2 that one of the main advantages of a

closed loop system compared with an open loop system is the reduction of the effect

of the input (noise) by 1 * G(s)H(s). The term G(s)ff(s) is called the loop gain

of the system. To achieve good noise reduction the value of the loop gain must be

high for the values of s where noise reduction is desired.

Care must be taken when designing feedback loops, because the system will

become unstable if the feedback is positive. The most likely outcome of this is that

the system will oscillate. In some applications this is a not a bad thing, for example

la^sers and RF oscillators rely on self oscillation for their outputs. However in control

systems oscillations result in large unwanted output fluctuations.

In the work undertaken in this thesis the stability of control systems has been

determined using frequency based methods in which the Laplace variable s is re-

placed by Iø where ø is the angular frequency . Certain elements of the servo loops

used in this work do not have accurate mathematical descriptions of their behav-

ior. Flequency response methods are particularly useful in these applcations as

experimentally determined responses can be used in place of results derived from

c¿(s):n#c.R(s) :-ä*1Ùe
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Figure 1.6: A sample Nyquist diagram for a stable and unstable feedback system

models.

One method for determining the stability of a system is the Nyquist's sta-

bility criterion[71]. To utilize the Nyquist stability criterion a contour plot of

{Re[G(Iø)H(Iø)], Im[G(Iø)H(Iø)] ] as the parameter ø is varied from 0->oo must

be obtained. In the cases relevant for this thesis the Nyquist stability criterion states

that a feedback system is stable if and only if the contour does not encircle the point

(-1,0) in a clockwise direction as ø increases. Fig 1.6 illustrates this for a typical

stable and unstable feedback system. Also shown on this diagram is the unit circle

centered on the point C1,0). For frequencies where the Nyquist contour falls within

this circle the output noise is amplified rather than being suppressed.

Another graphical tool that is used to study feedback loops is the Bode diagram[71]

A Bode diagram is actually two plots, one of the magnitude (in dB) of the loop gain

vs log of frequency, the other of the phase of the loop gain vs log frequency. An

example of a Bode plot is shown as Fig 1.7 . Two different magnitude curves are

shown for the same phase response. The Nyquist stability criterion implies that a

feedback system is stable if the loop gain magnitude pâsses through unity gain when

the loop gain phase is greater than -180 degrees. The phase margin is the phase of

the loop gain at the unity gain point minus 180 degrees. These iòr-, are illustrated

in Fig 1.7 , where trace A has negative phase margin and is hence unstable, while
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Figure I.7: A sample bode stability diagram showing an unstable system (A) and
stable system (B)

trace B has positive phase margin and is stable. These cases demonstrate a common

type of servo system where an unstable system can be made stable by reducing the

loop gain. However as the output noise reducing properties of a feedback system

are nearly proportional to the loop gain it is not always desirable to simply reduce

the gain.

A Bode plot can be obtained by applying a sinusoidal modulation to the input

of a system and measuring the resulting phase and magnitude of the output relative

to the input. This is done throughout the frequency rangc of intcrcst. It should bc

noted that the input signal needs to be larger than the effective input noise, but not

so large that non-linear effects are significant.



Chapter 2

The Slave Laser

2.L Introduction

In an injection-locked laser, the slave laser is used to amplify the power of a master

laser while maintaining the superior frequency noise characteristics of the master

laser. To facilitate this and ensure that the injection-locked laser has good intensity

noise performance and reliability the slave laser should, as will be discwsed below,

have the following properties:

o Single transverse mode operation (near diffraction limited output)

o Efficient

o Compact

o Low intensity noise

o Low frequency noise

o Linearly polarized

o Ring resonator architecture

If the slave laser fulfills these requirements as closely as possible, the engineering

required to enable the injection-locked laser to be a portable,'reliable and stable

la^ser source will be relaxed.

19
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The slave laser defines the transverse mode structrue of the injection-locked

laser output, although a small amount of mode discrimination can be provided by

the master laser if it is correctly mode matched to the fundamental mode of the

slave resonator. It is therefore important that the slave laser runs in a TEM¡6

mode. F\rrther, if the injection-locked laser has a well defined spatial mode then its

output can easily be mode matched into other resonant cavities, such as the mode

cleaners and frequency stabilization cavities that will be used on the gravitational

wave interferometers.

Efficiency is generally a desirable feature for a laser system. If the power of the

master laser is small compared with that of the slave, the output power and hence

the efficiency of the injection-locked laser is set by the slave laser. To facilitate

portability for use in field-based remote sensing, it would be desirable to cool the

laser diodes using air cooled heatsinks. The problem of accurately regulating the

temperature of the laser diodes using air cooled heatsinks is made far easier when

the heat energ'y required to be removed is small. F\rrther, at present the pump laser

diodes are among the most expensive components of a diode pumped solid state laser

especially when the costs of laser diode drivers and cooling systems are considered.

Therefore if the injectionlocked laser is to be an elegant solution to the problem of

a medium power single frequency stable laser, the slave laser must be as efficient as

possible.

To achieve injection locking the frequency of one of the free-running axial mocles

of the slave laser must be sufficiently close to the frequency of the master laser.

The maximum frequency difference between the master and the slave laser mode for

which injection locking will occru is given by half the locking range(A/¿)[73]

L,v¿: tr"1f þ - T'FSR 

'[F (2.1)--'Y P" T U P"

where Az. is the cold cavity linewidth of the slave laser, P*/P" is the ratio of the

power of the ma^ster to that of the slave, ? is the transmission of the slave's output

coupler and .t'^9.R is the free spectral range of the slave laser resonator.

Active control of the frequency of the free running slave is required to obtain

long term injection locking. To simplify the design of the servo system needed to
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achieve this, the resonator of the slave laser should be as stable and therefore com-

pact as possible. The temperature of the laser crystal should be tightly controlled as

temperature drifts cause refractive index variations which in turn cause slave laser

frequency drifts. This helps to relax the requirement of the dynamic range of the

servo. Compactness and rigidity of the slave resonator help to reduce higher fr+

quency noise and hence reduce the requirements on the bandwidth of the frequency

control servo.

The intensity noise of the pump source is efficiently coupled into the intensity

noise of the injection-locked laser for frequencies below about 100 kHz [74]. Ir is well

known that the intensity noise of laser diode pump sources is up to three orders of

magnitude quieter than that of arc-lamp pumping[74]. Fbrther, Iaser diodes provide

a more reliable and efficient pump source. Therefore, the use of laser diodes as

pump source for highly stable, reliable, medium power lasers is indispensable. If the

pump diodes are to be quiet as possible, the drive current must be well regulated.

The coupling optics must also be rigidly mounted so that they do not introduce

additional pump fluctuations.

Injection-locking presents a mechanism for slave laser frequency noise to be cou-

pled into the intensity noise spectrum of the injection locked slave if the natual

frequency of the slave and the master laser are not matched[75][61][60]. Hence the

slave laser frequency should be controlled such that it is as close to the master laser

frequency as possible, so that the intensity noise of the slave is not degraded. This

will be considered in greater detail in Chapters 3 and 4.

A well defined polarization state is necessary to mæcimize t};re injection locking

range, as this readily enables polarization matching between the slave and the master

Iaser. For interferometric gravitational wave detection the laser source should ideally

be linearly polarized as this would give the best fringe visibility when the laser light

is matched into the high finesse reference cavities used in LIGO.

In an injection-locked laser the ma^ster laser must be isolated from the slave laser.

If the output of the slave laser is allowed to leak back into the master laser, the

slave.laser could injection lock the ma^ster laser, hence imposing its poor frequency

stability on the master. Fhrther, if large amou¡rts of the slave laser field are incident
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Figure 2.1: A schematic illustrating an odd numbered mirror ring laser (top) and a
linear or standing wave cavity (bottom)

on the master laser, irreparable damage may result. Figure 2.1 illustrates the ring

laser resonator and the linear resonator (standing wave) Iaser. The ring laser has

a significant advantage over the standing wave laser configuration for laser systems

that utilize an externally injected signal. By virtue of the laser geometry the input

and the output are spatially separated, hence providing inherent isolation of the

master laser from the slave laser.

Also, in a linear resonator geometry, a standing wave is produced in the resonator

which causes spatial hole burning in the gain medium. A ring resonator removes this

problem as the slave laser mode is a travelling wave. This is a significant advantage

for high power single frequency applications.

An additional advantage of an odd-number mirror planar ring resonator is that

it is relatively insensitive to mirror misalignment in the plane of the ring laser[73].

This is because the ring laser mode can always find a closed self consistent path

around the resonator and a reduction in output power will result only when the

resulting mode does not take the optimal path through the gain medium.

A disadvantage of a ring laser as opposed to a standing wave laser is that the

laser gain medium is usually traversed only once per round trip and hence the laser

has a reduced signal gain and is therefore more sensitive to losses[73]. An additional
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Figure 2.2: Top view of the slave laser

disadvantage is the increased complexity in alignment compared with a standing

wave resonator. Overall, the advantages of ring lasers outweigh the disadvantages

and make them the preferred choice for medium to high power injectionlocked

lasers.

Our slave laser, which utilizes the CPFS laser head architecture, admirably meets

all of the forementioned criteria. A schematic of the laser is shown as Fig 2.2. As

discussed in Chapter 1, it is one of the most efficient side pumped architectures. It
produces five watts of linearly polarized light when pumped by a single 20W diode,

and has excellent beam quality with M2 values very close to unity. The laser is

compact and if required could be air cooled. The laser has a high level of intrinsic

frequency stability and inherently low intensity noise.

These results were achieved using a 20 Watt Opto-Power Corporation [76] (OPC-

CS Series) pump diode with a spectral linewidth of 2nm. This was collimated using a

Doric graded index fibre lens[77] of focal length 0.685mm. The crystal that was used

v/as manufactured by British Aerospace Australia[78] and had a surface quality of

10-5 (Scratch/Dig) to MIL-0-13S30. The total internal reflection sides of the crystal

were parralel to within 1 minute. The crystal was doped to 1.1 Atomic %.

The realization of such an efficient and stable laser will bä described in this

chapter. As discussed earlier, the resonator should be temperature controlled. I will

Pump

Diode
Laser

Nd:YAG Slab Glass Fibre
@ump Ligbt Collimator)
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therefore describe in the next section, the mounting and cooling of the slab laser.

Careful design \Ã¡as necessary to enable a high inherent stabitity of the slave laser

system. Next I will discuss the measurements of the crystal losses and the small

signal gain of the fully pumped slab, which enabled us to understand the optimum

laser output coupling in the ring configuration. Results of the standing \Mave ex-

periments are presented next, these enable an understanding of how to achieve the

optimum mode size for efficient TEM00 mode operation using the CPFS laser ge-

ometry. Fhrther, the results discussed here are immediately applicable to the ring

Iaser geometry. I will then discuss the interferometric tests performed to examine

the laser crystals which, combined with the crystal loss measurement, increased our

knowledge of the quality of the laser crystals. These experiments and the standing

wave experiments enabled us to gain a significant understanding of the slab lens-

ing in the horizontal plane. I will conclude this section by presenting the results

obtained for the ring laser.

2.2 Diode and Slab Temperature Control

In the original CPFS laser design both the slab and the pump laser diode were

cooled by mounting them on a single copper block, which was water cooled. Druing

the initial work we reproduced this arrangement in our laboratory. However, early

frequency stability experiments clearly demonstrated that the noise of the laser was

limited by vibrations driven by the cooling water. This is not surprising as the CPFS

laser geometry utilizes the slab as one of the mirrors in a three-mirror resonator.

Hence, any movement of the slab relative to the other mirrors in the resonator

directly adds frequency noise to the output of the laser. It is therefore extremely

important that the slab is rigidly mounted and is decoupled from any water cooling

vibrations.

The temperature of the slab should be tightty controlled as temperature changes

of the slab cause changes of the optical length of the resonator, mostly because of the

dependence of the refractive index of the gain medium on temperature. Variations

in the optical length of the resonator directly alter the lasing frequency. To control
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Figure 2.3: End view of the slave laser pump geometry clearly illustrating the cooling
systems

the temperature of the slab we use active temperature stabilization. A schematic of

the slave laser cooling architecture is shown in Fig 2.3. The slab is held by a copper

mount, which has its temperature controlled by a Peltier Cell. Copper was chosen

for the holder material because of its high thermal conductivity. The Peltier cell is

cooled by a heatsink using natural convection. For ease of construction the laser

diode is mounted on a separate water cooled copper block. For field-based work

both the slab and the laser diode could be cooled by Peliter cells which are cooled

by forced air convection.

A Peltier cell is a solid-state heat pump which transports heat from one side to

the other upon application of a voltage across its terminals[79]. This creates a hot

and a cold side. The cold side can be used to cool a small heat load (generally less

than lkW). Like all heat pumps, Peltier Cells obey the laws of thermodynamics and

cannot destroy heat, only move it from one place to another. Hence to prevent the

Peltier cell from over-heating, the hot side must be cooled, and this is usually done

by mounting it on a heatsink.

The laws of thermodynamics tell us that to move heat enerry from a cold surface

to a hot sruface requires work to be done. The amount of work reþired to transport

the heat energ-y depends on the gradient over which the heat is to be transported
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and the amount of heat energy that must be moved. In the case of the Peltier cell

the work is provided by the electrical supply. The work done in transporting the

heat also adds to the heat energy load that must be dissipated by the heat sink.

The size of the temperature gradient depends on the temperature of the hot side

of the Peltier cell. This is determined by the thermal resistance of the heat sink

and the ambient temperature of the room in which the system is to operate. These

quantities are related by the following equation

Thotr¿d": Tro* * Rtn.rrrQurol

where Qtorot is the total heat to be dissipated by the heat sink and -R¿¡",- is

the thermal resistance of the heatsink, a quantity defined as the rise in temperature

above ambient per watt of power dissipated by the heatsink. Typical values of

thermal resistance of heatsinks are (0.5 - 10) oC/W for natural convection cooling

to (0.02 - 0.5) oC/W for forced convection cooling.

Determining the temperature of the hot side is an iterative process ãs Qutot

depends on the temperature of the hot side of the Peltier Cell. As the heat load to be

transported increases, the value of Qtotot increases which increases the temperature

gradient which in turn increases the work done to transport the heat. Hence as the

heat load increases the engineering difficulties increase significantly. It is therefore

important to minimizes parasitic increases in the thermal load, due to thermal short-

circuits between the hot and the cold side.

The heat load deposited in the slab is approximately 7 W when the slab is

pumped with 20 W of diode laser pump power. Care must be taken with the

design of the clamps that are used to secure the slab holder to the Peltier cell

and the Peltier cell to the heatsink as these may increase the parasitic heat load.

If aluminium clamps are used, the resulting thermal short circuit may increase the

effective heat load by 10 W. To overcome this problem we used stainless steel clamps

with thermally insulating mica pads between the clamps and the slab holder.

As the ambient temperature and heat loads change, the temperature of the slab

will change unless feedback is used to stabilize the temperature of the sllb mount

and hence the slab. A block diagram for the thermal servo system is shown in Fig
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Figure 2.4: Block diagram of the slab temperature control servo system

2.4. To regulate the temperature of the slab as tightly as possible it is important

to place the temperattue sensor of the servo as close to the slab as possible. In our

system we have placed the temperature sensor immediately below the slab.

The temperature sensor is a thermistor whose resistance is related to its temper-

ature by the equation

Rrhermistor: RoeB/T (2.2)

where B and Rs are constants. The value of its resistance is interrogated using

a Wheatstone bridge circuit. An instrumentation amplifi.er is used to amplify the

voltage difference between the two sides of the bridge. The slope of the Wheastone

bridge temperature error signal is derived in Appendix A1 and is given by

where Ginstr is the gain on the instrumentation amplifier, V" is the voltage sup-

plied to the bridge and R .¡ is the resistance of the reference resistor in the same

a¡m of the Mlheatstone bridge as the thermistor.

The transfer function which relates the voltage applied to the Peltier cell to the

temperature of the thermistor is the hardest to determine theoretically as it is com-

bination of various physical processes. In the limit of a small *ðdr'tlution of applied

voltage, the power removed from the copper is linearly related (lst term in a Tay-
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lor's expansion) to the applied voltage. If it is assumed that the Peltier cell and the

thermistor response time are fast and the thermal conductivity of copper is large,

then the forementioned transfer function would simply be that of an integrator. An

integrator transfer function has a l/f roll-off in amplitude and a constant ninety

degree phase lag. The transfer function of the Peltier cell applied voltage to ther-

mistor temperature was measured and is shown as Fig 2.5. The transfer function

tends towards the ideal integrator at very low frequencies but deviates from this

model at higher frequencies.

It can be shown that the thermal response time of a thin slab of material for a

change in the set temperature of its boundary is given by the relationship [80]

,:ff (*)' (2.4)

whereú is the thickness of the material, c is the specific heat of the material,k is

the thermal conductivity of the material and p is the density of the material. Using

Equation 2.4 if can be shown that the thermal response time of a 5mm thick piece

of copper is 0.02 seconds. Hence the thermal reaction time of the copper block is

too fast to explain the additional phase lag that occurs at higher frequencies. The

quoted response time of the thermistor is 10s and this is the most likely cause of the

additional phase lag.

The copper slab holder is exposed to fluctuating external conditions such as room

temperature variations. Therefore it is useful for the temperature servo to have as

fast a transient response as possible. Also the slave laser frequency may be tuned by

varying the slab temperature, which would be made easier if the slab temperatrrre

control had a reasonable transient response. It is well known that a servo system

achieves its fastest settling time if it is critically damped for a given bandwidth [71],

which requires a phase margin of 70 degrees. Unfortunately due to the loss of phase

illustrated in Fig 2.5 this is not possible without a significant decrease in the unity

gain frequency.

To increase the phase margin at unity gain we use a Proportional, Integration

and Differentiation (PID) compensation circuit as a preamp. The transfer function

of the prsamp is shown as Fig 2.6. The signal from the pre.amp is buffered by a



2.2. DIODE AND SLAB TEMPERATURE CONTROL

1

0.5

0.1

0.05

0.05 0.1 0.5 1

29

(

õ
à
att
oI
o)og,
o.ic
fÊ
o-
E

-200

-250

-300

-350

v)
c)
c.)
L{
Þo
c)rc¡

C)
U)dE
Fi

)A

50

0.01

0.005

Fourier Frequency (Hz)(8.)
-100

1

0.1

Fourier Frequency (Hz)

Figrue 2.5: The frequency response of the temperature of the thermistor to fluctu-
ations in the applied Peltier cell voltage

0.05 0.5 1



30 CHAPTER 2. THE SLAVE LASER

0.5 1 510
Fourier Frequency (Hz)

(A.)
100

(€
(5

0.1

-50

-75

0.05 0.1

(8.)

75
(t)

950
t-r

$zsEgo
Cd

ù-25

0.1

Fowier Frequency (Hz)

Figrue 2.6: Flequency response of the thermal system Pre-Amp

power op-amp with a gain of five, whose output drives the Peltier Cell. A circuit

diagram for preamp and the power op-amp are shown in Appendix B1 and 82.

The open loop gain of the servo is shown as Fig 2.7;it has a unity gain frequency

of 0.3 Hz is and a phase margin of 45 degrees. The transient response of the servo

after turn on is illustrated as Fig 2.8. The error signal indicates that the stability

of the system is better than 5mK. This is only an estimate of the stability as the

parameters of the discriminator may change and alter the set-point hence giving a

false reading.

1 10
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The drift in the frequency of the slave laser due to a change in the Nd:YAG

crystal temperature can be evaluated as follows. A change in temperature A?, in

the laser crystal changes the optical path length by

(2.5)

where L is the distance that the laser mode propagates through the crystal and

ff is tne change in refractive index per unit temperature change. A perturbation

of the optical path length by A,L causes a corresponding change in the frequency of

the laser Az given by

L,: -*rS^ (2.6)
À -"'"

where FSR is the free spectral range of the resonator and À is the wavelength

of laser light. Hence the change in frequency Â'u, for a change in temperature A?
of the laser crystal is given by

A,L: ffinr r,

(2.7)

For a temperature change of 5mK, Equation 2.7 gives a frequency stability of

2.2MHz given tr:4Omm, #:Z.Z 10-6 /C and a F'S,R of L.6 GHz. For the injection
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Iocking experiments reported in this thesis, the typical injection locking ranges are

10 MHz. Hence the crystal temperature induced frequency changes are sufficiently

small to enable long term injection locking.

Equation 2.7 canbe rearranged. to give the frequency tuning coefficient ff for the

laser. For the parameters listed above, this is a40 MHzloC, and thus a temperature

change of 3.4 degrees is required to sweep the frequency of the laser through a full

spectral range.

2.3 Slab Laser Loss and Gain Measurements

The small signal gain of the fully pumped slab crystals and the losses of the crystals

were investigated. This was done to determine the optimum output coupling. Also,

measurement of the losses and interferograms of the crystal surfaces (discussed in

Section 2.5), enabled us to gain an insight into the quality of our locally manufac-

tured laser crystals.

2.3.1, Crystal Loss Measurements

The losses of the slab laser are quite difficult to measure accruateþ The expected

bulk scatter loss for transmission through a 40mm length of Nd:YAG is between 0.8

and L.6To [52]. For the multiple bounce path used in the CPFS geometry, a higher

loss value can be expected due to imperfections in the srufaces used for total internal

reflection.

A schematic of the set up used to measure the crystal losses is shown as Fig

2.9. The probe laser used in this experiment was a 400 mW NPRO manufactrued

by Laser Zentrum Hannover (LZH). The polarizing beam splitter and the half wave

plate were used to set the input polarization of the probe laser beam. To measure

the slab losses with an accruacy of. L\To, the power of the probe laser beam must be

measured to one part to 103. To achieve this we chopped the laser beam and detected

the signal using a transimpedance photodiode circuit and a lock-in amplifier. The

lock-in detection technique has the advantage that any DC-offsét errors due to the

photodiodes or background radiation are removed. Using this chopped detection
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NPRO

Chopper

half wave plate

PBS

PD1

PD2

Slab on Z dtrection
translation stage

Figrue 2.9: Schematic of the set-up used to accurately measure crystal loss

method the light intensity incident on the photodiodes (PD 1 and PD 2) can be

measured to 1 part in 104. To calibrate the measurement accurately, the light power

incident on the crystal was measured by removing the crystal and placing photodiode

PD 2 in the path of the beam. During the calibration procedure only the photodiode

was moved as spatial variations in the beam steering mirror reflectivity could easily

exceed a few parts in 104. The photodiode was mounted on an xy translation stage

that enabled the lateral position of the photodiode to be varied such that the signal

voltage was always maximized. The intensity of the NPRO laser was monitored

during the whole process by PD 1 to ensure that it remained constant to the level

required for the experiment.

It was found that NPRO had significant beam jitter immediately after turn on.

The beam jitter v/as converted into intensity variation due to spatial imperfections

in the transmission of the neutral density filters, which could degrade the maximum

achievable accuracy of the loss measurement. However, the pointing stability of the

NPRO improved signiûcantly half an hour after turn. After this time the intensity

of the probe beam transmitted through the neutral density filters was söable to 1

part in 103.
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Figure 2.10: Slab vertical loss profiles

The slab laser was mounted on a translation stage that enabled its vertical po-

sition to be manipulated. Hence a vertical loss profile could be established. The

results for slab ff2 are shown as Fig 2.10. Tlaces A and B were obtained from

a vertical scan in one direction and then a following scan in the opposite direc-

tion. This demonstrates that the translation of the crystal in the vertical direction

produces reproducible results and shows that there are significant variations in the

losses in the crystal with changes in height. The third trace was obtained when

the experimental setup was dismantled and reassembled. There appears to be little

correlation between the two curves, this suggests that the losses in the crystal are

spatially dependent with variations of up to the t0.5 %.

The output power of a laser is described by the equation[52]

P

where ? is the transmission of the output coupler, .L is the roundtrip losses of

the resonator excluding the contribution due to the output coupler, 14. is the area

of the lasing mode, .I" is the saturation power of the gain medium a¡rd 96l is the

gain-length product for the gain medium. It can be seen from'Equation 2.8 that

for lasers operating well above threshold (g0¿ >T+Lroøt), the laser pov¡er output

(h)o,"nu_ry (2.8)øut



36 CHAPTER 2. THE SLAVE LASER

is proportional to ,*rJ-. Hence variations in the loss at the one percent level with a

10% output coupler will result in a 10% variation in the output porver of the laser.

The spatial variations in the loss could therefore account for the output variations

between different assemblies of the same laser system which were about 5%. In

general the losses of the laser crystals used were about 3To per pass. This figure is

higher than the quoted bulk scatter loss which is at most I.6To for this laser material

and path length[52], and therefore scatter at the 11 total internal reflection surfaces

and 2 Brewster faces must contribute a loss of approximately L.\To or 0.15% per

bounce.

2.3.2 Small Signal Gain Measurements

The small signal gain of the pumped crystal was measured using the experiment

illustrated as Fig 2.11. The elliptically polarized laser light from the NPRO is plane

polarized by the Faraday effect isolator. The half wave plate and the polarizing

beam splitter are used to vary the intensity of the master light that is incident on

the slave laser crystal without altering its propagation characteristics, ie spot size

and radius of curvature. The lens immediately before the half-wave plate is used to

form a waist of size 0.15mm at the first Brewster window of the slab. The results

are shown as Fig 2.12

Identical results were obtained when half the probe laser power rvas used. Hence

the results are independent of the probe laser power and therefore this is a true

measure of the small signal gain. The gain was maximum, when the diode cooling

water temperature was set to 11 'C.

2.3.3 Optimum Output Coupling.

The optimum output coupling fraction for a laser operating in standing wave con-

figuration can be determined using the following equation [52]

tTltopt - Ltoul (2.s)

where L¿o¿o¿ is the fraction of the total power lost in a single roundtrip to sources
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Figure 2.11: CPFS slab laser head gain measuring experiment
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Figure 2.122 The small signal gain of the CPFS gain medium vs the temperature
of pump diode. The CPFS gain medium rÃ/as pumped using a single 20 W diode
running at 20 \M
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of loss other than useful output coupling. For ring resonators the term 296l is

replaced by gol , to account for the gain medium being traversed only once. For a

standing rvave resonator with losses of. L¿o¿o¡:6% (assumes two passes through the

gain medium and negligible HR mirror loss) and gsl:0.75, the predicted optimum

value of output couþler transmission is T*¡:2470. For a ring resonator with losses

of L¿o¿o¡:3.5% (assumes single pass through the gain medium and 0.5% HR mirror

Ioss) and gsl:0.75, the predicted optimum value of output coupler transmission is

T*t:l3To.

The output power of the CPFS laser in standing wave configuration (see Fig 2.13)

'was measured for three different output coupler reflectivities. This was done with

the resonator mirrors extremely close to the slab so that the laser ran in multiple

transverse modes. The results are

Output Coupler TTansmission (%)

Output Power (W)

40 20 10

3.4 6.3 6.1

These results demonstrate that the optimum output coupling fraction for the

standing \Mave resonator is close to 20T0, wlttch is in reasonable agreement with the

theoretical prediction. It can therefore be assumed with confidence that an output

coupling fraction of. I0% for the ring resonator will give close to optimum results.

2.4 Efficiency and Mode Confinement

The efficiency and mode confinement of a ring laser which used flat mirrors v¡ere

investigated by using the CPFS pump geometry in a standing wave configuration.

It is simpler to analyze the output of a standing wave laser than a bi-directional

ring, a^s it has only one output.

In a standing wave resonator with flat end mirrors, waists are located on both

end mirrors. Therefore if a standing v/ave resonator is constructed with end mirrors

placed at the same distance from the Brewster angle windows as the waist in a ring

laser, the transverse mode properties of the two resonators will be identical.

To obtain the highest output power from a CPFS slab laser the diverging pump
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Figure 2.13: A schematic of the CPFS laser irr a standing wave configuration

light must be collimated in the vertical direction. This could be done using a simple

optical fibre as a cylindrical lens, however the best results were obtained by col-

limating the laser diode using a lmm diameter AR-coated Doric lens that had a

focal length of 0.685 mm. A Doric lens is a graded index optical fibre specifically

manufactured to collimate laser diodes[77].

Using flat mirrors, an output coupler reflectivity of 20% and a slab to mirror

distanòe of 20mm, an output po\ryer of 6.7 W was obtained from 20W of incident

pump pov/er with a slope efficiency of 50%. The resulting laser beam consists of

multiple transverse modes.

The confinement of the slave laser mode is provided by lensing in the slab. Tlans-

verse mode control in the horizontal plane is provided by the Brewster-angle windows

(see Fig 2.t4). These provide an aperture of effective width 1.0 mm to the beam

propagating outside the slab. A small amount of positive lensing is required in the

horizontal plane to ensure stability. However in practice when a short cavity with

flat mirrors is used and the output power is maximized the laser mns in multiple

transverse horizontal modes. This suggests that the slab laser has sufficient horizon-

tal lensing not orùy to ensrue stability but also to reduce the size of the fundamental

mode such that the apertures formed by the Brewster windows"ä,t" tto longer small

enough to ensure fundamental mode operation. One of the initial papers written on
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Figure 2.14: Schematic illustrating the horizontal mode defining apertrres and the
maximum extent of the slab laser mode in the horizontal direction.

the lensing behavior of CPFS slabs[5l] suggested that the horizontal lensing v¡as a

thermal effect caused by end effects. However it wa^s noticed by both us and work-

ers at DSTO[53] that the ease with which CPFS slab lasers could be made to run

in a fundamental mode varied between crystals. We have performed a test which

conclusively shows that the lensing in the horizontal plane is independent of pump

porù¡er, thus eliminating thermal lensing as a possible cause of the horizontal lensing.

This test consisted of using a short (25mm slab to mirror distance) standing r¡vave

cavity. An extra intra-cavity edge was used to provide an additional aperture in the

horizontal plane to force the resulting laser to run in a single transverse mode. The

size and the M2 of the mode were then determined, using a Spiricon beam profiler,

for varying diode drive currents. The results are ani follows:

Drive Current

30 Amps

26 Amps

22 Amps

18 Amps

15 Amps

Diode Power

19.0 W

16.0 \M

L2.7 W

9.3 W

6.8 W

Laser Power

6.0 w
4.6 W

2.9 W

1.3 W

30 m\M

Laser Power(apertured)

5.1 W

3.8 W

2.5 W

1.1 \M

ws¡ (rnm)

0.32+0.02

0.31+0.02

0.31+0.02

0.31+0.02

0.31+0.02
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where ws¿ is the measured size of the fundamental waist in the cavity. It is

clear from these results that the size of the fundamental mode in the horizontal

plane is independent of pump power and hence the lensing in that plane is not a

thermal effect. We believe that the lensing in the horizontal plane is caused by

residual curvature of the slab sides. Due to the multiple internal reflections and the

off-normal angle of incidence reflections, even a slight ctuvature on the side faces

results in the slab acting like a lens with focal length of the order of one metre. This

will be discussed in greater detail in the following sectiorx.

The mode confinement in the vertical plane is predominantly provided by thermal

lensing. Since the slab is cooled by conduction through its top and bottom faces,

a strong lens in the vertical plane is expected. It has been predicted[8l] that the

lens in the vertical plane can have a focal length as short as 40 mm for a 0.25

mm half-height pump distribution. This value agrees well with what we observed.

For a cavity with a 45 mm slab-to-mirror distance, a 40 mm thermal lens should

produce a fundamental waist size of 0.12mm, which is in excellent agreement with

the experimentally determined value of 0.12t0.01 mm. As the thermal lens in the

vertical plane is strong, laser cavities have to be kept short when using flat mirrors

to ensure stability.

F\rndamental mode operation in the vertical plane is realized by adjusting the

distance between the Doric lens and the diode. This alters the collimation of the

pump light and the height of the gain region, and hence the available gain for

different transverse modes. As the height of the pumped region is reduced, the

power of the thermal lens is increased[8l] and the size of the fundamental waist

is reduced. Fortunately the reduction in waist size occurs more slowly than the

reduction in the height of the pumped region and hence transverse mode control

may be achieved by reducing the height of the pumped region. We found that for

lasers which use a lmm diameter Doric lens this technique is effective in producing

beams that have an M2 ry 1 for standing wave cavities whose slab to mirror distance

is greater or equal to 45 mm. For cavities shorter than this, the height of the

fundamental mode is too small for the pump light to be matched.

To demonstrate the effect of varying the fibre position on the vertical transverse
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Fibre position (*)
0.85

0.80

0.69.

0.65
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Output Power

4.7 W

5.2 W

5.4 \M

5.2 \M

mode, a resonator v/as set up using flat mirrors and a slab to mirror separation of

45mm. For various horizontal positions of the Doric lens relative to the pump diode,

the output power was recorded and the shape of the beam and M2 was analyzed

using a Spiricon Laser Beam Profiler. The results are shown in the following table

and Fig 2.15.

M3

1.0

t.7

2.2

2.9

where the fibre position is the distance between the laser diode and the centre

of the Doric lens. To make the vertical behavior clearer, the horizontal plane was

externally apertured such that the laser ran in a single horizontal transverse mode,

which reduced the laser output power. These results demonstrate that good beam

quality can be obtained for a small reduction in output power by adjusting the fibre

position.

2.5 Slab fnterferograms

To gain a greater understanding of the lensing in the horizontal plane the slabs

were studied using an interferometric technique. The experimental setup used is

illustrated as Fig 2.16. The HeNe beam was passed through a spatial filter. The

re-collimated enlarged beam was then used to illuminate the side faces of the slab.

The reflections from the front and back surfaces were passed through a beam reducer

that also imaged the crystal onto the a CCD array. The interferograms, illustrated

as Fig 2.17, indicate the degree to which the slab faces are out of parallel, and the

degree to which the slab sides are curved relative to each other. This is also the

curvature which the slave laser mode experiences as it bounces between them.

Four interferograms are shown. The long thin slab (Slab D) was þurchased

from Litton. It was designed for the high power laser project [54] and had very
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(A.) (8.)

(c.) (D.)

Figrue 2.15: Vertical mode profiles for various diode to Doric lens distances (A)
0.85rnm (B) 0.80rnrn, (C) 0.69rnrn and (D) 0.65mm
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Figrue 2.16: The set-up used to interferometrical test the relative quality and par-
rallelism of the slab side
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(4.)

(8.)

(c.)

(D.)

Figue 2.17: InterferogranLs of the the laser crystal used in this work
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tight manufacturing tolerances specifi.ed. The inteferogram of this crystal is shown

for comparison. SIab A has demonstrated good output power and good transverse

mode properties and was used for the majority of the results presented in this thesis.

Slab B was the first crystal used in the slave laser development until it was

damaged. Initially it was thought that for the slave laser to produce high output

porù/er the side faces of the slab had to be extremeþ parallel to avoid walk-off of the

laser mode out of the pump plane. However SIab B produced excellent results with

output powers comparable to that of SIab A for similar pump po\¡/ers. It is clear

from the interferogram that its side faces are not parallel in the vertical direction,

in fact it has in excess of twenty \¡¡aves of error over 5mm. The strong curvature

of the side faces in the vertical direction under pump load obviously provides the

stability required to avoid the walk off problem and hence the tolerance prescribed

on the parallelness of the side faces in the vertical plane can possibly be relaxed.

Slab C was bought as a replacement for the damaged initial slab. Unfortunately,

although the output power it produced was comparable to the other two slabs, its

beam quality was not comparable for equivalent output po\¡/er. Using a laser res-

onator similar to that used with the other two slabs, it produced a much smaller

fundamental mode in the horizontal plane. This required a smaller aperture to

enable it to run in a single transverse mode with a corresponding drop in output

power. The extra curvatrue of the slab sides present in the horizontal plane is clear

from the interferogram, where spacing of the fringes changes considerably from one

end of the slab to the other. A conclusion from this work is the slab laser is partic-

ularly sensitive to any residual curvature in the horizontal plane. Some curvature is

necessary to provide stability as there is no thermal lensing in the horizontal plane.

If the curvature is insuffcient and the fundamental mode is thus large then aperture

clipping losses will significantly reduce the laser efficiency. However, one can always

provide additional mode confinement by using a concave mirror. If the curvature

is too great then the mode size will be small and the fundamental mode will not

couple to the available gain efficiently.

The combination of the requirement of a relatively large mode in the horizontal

direction and the eleven-bounce geometry which compounds the effect of side cur-
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Figure 2.18: A schematic of the ring laser resonator with the out-of-slab cavity
length shown as the bold line

vature, means that a tight tolerance on surface curvature is required. To restrict

lasing to a single transverse mode, a spot size of 0.360 mm is required. In a symetric

standing wave cavity in which the slab to mirror distance is 45mm, this requires a

radius of curvature of 220m. In practice, flatness at this level is very diffi.cult to

achieve. However, this specification could be somewhat relaxed if a dynamically

stable resonator [82] was designed for the horizontal plane. Such a resonator would

be insensitive to small changes in horizontal curvature. This would be quite useful

if many of these lasers were to be manufactured. However, this is quite a com-

plex procedure when vertical stability requirements also need to be met. F\rrther,

additional resonator elements can degrade both the efficiency and the stability of

the laser resonator and toroidal elements are usually of very low quality. 'We have

found that simple compensation for the slab horizontal lensing can be achieved by

changing the flat ma><R mirror to a slightly convex or concave mirror, depending on

the lensing present. This can compensate for the curvature in a particui'ar crystal

and will be discussed in greater detail in the following section.
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2.6 Ring Resonator Results

As was mentioned in the previous section, crystals that had minimal surface cur-

vature still had significant lensing in the horizontal plane. The lensing was large

enough that when these crystals were used in flat-flat resonators in which the ver-

tical height of the fundamental mode was correct, the horizontal waist size was too

small to enable single transverse mode operation. To increase the size of the mode in

the horizontal plane, a convex mirror was used as the HR mirror. Using Slab A and

an out-of-slab cavity length (see Fig 2.18) of 85mm the best results were achieved

using a 3 m or 5 m convex spherical mirror. The waist sizes and M2 values for the

horizontal and vertical planes at a pump power of 19 \M are shown in the following ta-

ble. Shown for comparison, are the results obtained using two flat mirrors, although

it should be noted that single transverse mode operation in the horizontal plane was

only achieved with an additional aperture inserted into the resonator. AIso shown

are the results for a slightly larger ring (slab-slab length of 105mm) where single

transverse mode operation in the horizontal plane was achieved by misaligning the

slave cavity in that plane. This has the effect of shifting the laser mode closer to one

side of a Brewster-window aperture. Note that almost identical por¡/ers are achieved

for flat -flat resonators, in which single transverse mode operation is obtained using

either an intra-cavity aperture or mirror misalignment.

Mirror Radius (m)

3m

5m

Flat (apertured)

Flat (misaligned)

Power

5.0 w
5.0 w
4.4W

4.5W

Woh

380+30

353+30

340+30

345+30

w01)

155+15

150+15

160+16

160+16

Mrn

0.99+0.1

0.95+0.1

0.94+0.1

0.95+0.1

M?

1.20+0.1

1.14+0.1

1.14+0.1

1.10+0.1

The M2 and waist sizes were measured using a Spiricon M2 beam analyzer. This

device uses a lens to create an artificial waist. The beam size is measured at various

places at and around the artificial waist. The internal algorithm of the beam profiler

then fits Equation 2.10 to the data, using a weighting system to favor those points

closest to the artificial waist.
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w' (r) : w? + ol(z - z)' 1z.ro)

where W (r) is the diameter of the laser beam at point z, Wl is the width of the

beam at the artificial waist, Or is the far field divergence angle for the beam from

the artificial waist and Z is the position of the artificial waist.

The values of.Wt and 01 that give the best fit of Equation 2.10 to the data are

then used to determine the M2 of the laser using

(2.11)

where the À is the wavelength of the laser light. The waist sizes in the laser

under test are then calculated using the Gaussian beam propagation formula and

the focal length of the lens used to create the artificial waist.

The artificial waist size data are shown in Fig 2.19 for the resonators that used

the 3m and 5m radii of curvature, convex, max-R mirrors. The fits are very good.

In the horizontal plane the M2 error range includes values that are less than 1. It
should be noted that theoretically M2 values cannot be less than 1. Therefore the

likely value of the true M2 value in the horizontal plane is marginally more than

1. Hence the resulting beam is extremely close to diffraction limited in both the

vertical and horizontal planes. 'When a lm convex mirror was used as the max-R

reflector, the laser had an output po\Mer of less than 3 \Matts and a poor quality

beam.

Using a flat-flat ring resonator a total output power of 5.0 W was obtained

with 19 W of diode pump porver and no external aperture. \Mhen a geometrically

equivalent standing wave resonator was set up, the maximum power that obtained

was 5.2 \M. These two values are sufficiently close to assume that the choice of a

90% output coupler \¡¡as correct and that there are no alignment problems with the

ring resonator.

The directional discrimination that enables the laser to operate in a single direc-

tion is provided by injection locking. When the ring laser is free running it operates

in both directions with up to eight longitudinal modes. Mode competition between
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(4.)

(8.)

Figure 2.19: The artificial waist data for M2 analysis of ring resonators utilising
convex mirrors of radir¡s of cr¡rvatur" (A) 5m (B) 3m. The blue curves are for the
vertical a¡ld the red curves are for the horizontal plain.
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counter-propagating modes causes rapid fluctuations of the inte¡rsities in the two

directions. By adjusting the horizontal tilt of one of the mirrors, one direction can

average up to ten times more por¡er than the other. This effective revelsewave su1>

pression is caused by an as¡rmmetry in the light scattered by the Brewster windows,

combined with the greater acceptance angle of a diverging mode than a converging

mode. The maximum total output power for a flaü-flat resonator is obtained when

the average power in the two corurter propagatrng modes are approxirnateþ equal.

The difference in the output powers between the two counter propagating modes

means the output pou¡ex of both directions must be measured during aligrunent to

achieve the maximum total output power. This is usmally done þ using a bea,m

steering mirror to guide the two outputs onto the sarne pourff mete¡.



Chapter 3

Injection Locking of the Slave

Laser

3.1 Introduction

Injection-locking is a well known technique for synchronizing two laser or maser

systems. The first comprehensive work on the theory of injection-locking was done

by Adler[83] for microwave ma^sers. This first demonstration of the injectionlocking

of lasers was performed by Stover and Steier of Bell Telephone laboratories in 1966

using two single frequency helium neon lasers[42].

Most common examples of injection locking use the technique to transfer the

intensity and frequency characteristics of a stable master laser to a much higher

poï¡er, noisier slave laser. The low power master "captures" the mode of the noisy

high power slave. Several authors have discussed the classical theory of injection

locking [41][43][84]. A particularly useful account which enables some physical in-

sight to be gained is given by Siegman[73]. Fïom this account it becomes possible

to appreciate such concepts as the injection locking range and the physical mecha-

nism by which the free nurning slave laser mode can be extinguished and replaced

by an amplified version of the master laser. Siegman also presents a semi-classical

rate equation analysis of injection-locking. This theory is the basis of later works

which use the semi-classical theories of injection locking to prediét the effect of noise

sources that are well above the quantum limit[75][62]. To describe the output of an

51
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injection locked laser with a quantum noise limited master and pump laser it is nec-

essary to use a fully quantum mechanical model such as that presented by Ralph et

al[61] [60][S5]. At present these models have concentrated on and provided analyti-

cal transfer functions for the intensity noise only. To gain an understanding of the

contributions to the frequency noise of the injection locked laser, it is necessary to

refer to the semi-classical model presented by Farinas et al[62] and Barrilet et al[75].

A summary of the noise transfer theory will be provided at the start of Chapter 4.

I will summarize the injection locking theory provided by Siegman and its ex-

tension by other authors in the next section. In subsequent sections I will describe

parameters that were optimized to provide stable injectionJocking and single mode

operation. The performance of the injection locked laser without a servo system will

be described. I will then describe the design of a servo system that was constructed

to provide long term injection iocking. I will finish this chapter by analyzing the

performance of the servo system and show that its performance is in good agreement

with the that predicted by control theory.

3.2 Theory of Injection Locking

A laser with the pump level set just below threshold for laser oscillation can be used

as an optical amplifier (normally called a regenerative amplifier). If the laser is set

up as shown in Fig 3.1 the input field (E¿"") is related to the output field (E,"¿) by

L R - Grr(r)
Ein.

where G*(r): G(u)e-iÔ@),þ(a): aplc is the round-trip phase shift, -R is

the reflectivity of the laser output coupler, p is the optical round trip length of the

resonator and G(u,') is the magnitude of the net round trip amplitude gain including

losses and output coupling. This equation is derived in Appendix 42.

The resonator is simply a mechanism for providing positive feedback to an am-

plifier, hence trading band.width for gain. Using this assumption, in tLe highly

regenerative limit (ie G(ø) -+1) Equation 3.2 can be simplified to

(aEout ) æ
(3.1)

1 )(uGrt
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,,",(u)=-ffit# (3.2)

where ø" is the frequency of one of the lasers free running modes and r" is the

cavity round trip time. It can be seen in the limit as G -+ 1 the gain tends to

infinity at frequencies equal to the slave resonator modes.

When the magnitude of the round trip gain (G ) exceeds 1, the optical amplifier

becomes unstable and oscillation or lasing occurs. Gain saturation then clamps the

magnitude of the round trip gain at unity for the lasing wavelength. If a laser is

oscillating and a small signal is injected into the laser cavity at a frequency slightly

different from a free running mode of the laser, the signal may be amplified, with

almost no effect on the free running modes of the slave laser. As the frequency of

the injected signal is tuned closer to that of the free running modes of the laser,

the small injected signal will be amplified more strongly. When the magnitude of

the amplified injected signal approaches that of the free running slave mode, the

amplified signal begins to saturate the gain and rob the free running mode of gain.

Eventually the free running mode is extinguished and only the amplified incident

signal remains.

The above discussion illustrates that for a small injected signal to gain control

of the laser, its frequency must be sufficiently close to one of the modes of the

free nrnning laser. The range of frequencies for which this occurs is defined as the

injection locking range. The theory described below will show that it is given by

the following equation:

lu¿:^,.{E=ry| 
"4 

(83)

where Az" is the slave laser cold cavity linewidth, P* is the power incident on

the output coupler that is mode matched into the spatial mode of the slave laser,

P" is the output por¡/er of the slave laser, T is the transmission of the slave laser's

output coupler and F 
^9¡B 

is the free spectral range of the slave laser resonator. A

compact resonator will have a larger free spectral range and hence a larger locking

range.



54 CHAPTER 3. INJECTION LOCKING OF THE SLAVE LASER

Figure 3.1: A laser resonator used as a narro\¡/ band amplifier

A more advanced model of injection locking based on laser dynamic equations is

also presented by Siegman and has been extended by Farinas et aI. 1621. The laser

dynamics are described by three differential equations that make use of the slowly

varying envelope approximation; the rate of change in amplitude and phase is slow

compared with the inverse of the frequency of the laser light:

r/2

ry + W"l2 + i (u-,ø")l E (t) : -i# p t.l * (H) 8,. (t) (3.4)

+f\,a"lz+ i (u -,")) i (r): -iffinv F) E (t)

ry *tzL,N (ù + noç): jfhlÈ. Aú (t)- E(ú)p. (ú)]

(3.5)

(3.6)
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where E is the complex cavity mode amplitude, E,,is the amplitude of the in-
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jected signal, P is the atomic polarization, AN is the atomic population difference,

& ir the pumping rate, c,.ro is the atomic transition frequency with an linewidth of

A'wo, n is the cavity signal to cavity polarization coupling coefficient, V" is the mode

volume of the resonator,T" is the total photon cavity decay rate, f. is the cavity

decay rate due to the output coupler and 12 is the spontaneous emission decay rate

of the upper state.

These equations may be solved[73] using the assumption that the atomic polar-

ization relaxes much faster than the electric field or the atomic population. Using

this approximation and assuming that the inject.,d master field and the slave laser

field, can be written respectively in the form E* (¿) : 8,"(t)expUó,,(t)] and

E (t) :E (t) expjþ (t)] , the following equations can be derived

ry *ryn (t) : --y.E,n(t)cos lóþ) - ô,,(t)l (3.7)

W *u'n- a'(t): -'"!#sin[/ (t) - ö*(t)] (3'8)

where 7- is the rate of growth of the cavity field of the slave laser due to the

saturated gain and Er,"and E are the fields measured just outside the slave laser

output coupler. Equations 3.7 and 3.8 describe the time evolution of the phase and

amplitude of the injection-locked laser.

If it is assumed that the intensity of the master laser is much less than the

intensity of the slave, ie E (t) = E,(t) then Equation 3.8 can be written as

W * a,n - u" (t) : -r":#sin [/ (t) - ô*(¿)] : -e)rocksin [/ (t) - ó^(t)]
(3.e)

where u)rock 2.,/"ffi . Equation 3.9 is the well known Adler equation that was

first de¡ived for microwave oscillators[83]. For steady state locked behavior,,when
dþ(t) 

- n
d.t - v,

þ(t) - ó^(t): Arcsin (3.10)
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The steady state phase difference between the master and the slave is dependent

on the relative difference in frequency between the free-running slave laser and the

master. Equation 3.10 shows that the steady state phase difference is real only if
-u)rocrc 1 wrn - ," (t) a uu¿ .The range of slave laser frequencies for which injection

locking will occur is thus given by Equation 3.3. For the parameters used in thesis

the locking range is of the order of 10 MHz.

The detection of the above phase shift forms the basis of two types of discrimi-

nators [10][45][36] used to provide the error signal for feedback control of the slave

Iaser resonator to ensure that the free-running frequency of one of its modes falls

within the injection locking bandwidth.

It is well known that injection locking can force a laser that is oscillating in

multiple axial (longitudinal) modes to oscillate at a single frequency[45]. The reason

is that the injected signal is amplified to such a level that it saturates the gain further

than it would be in free-running operation. Therefore it does not have enough gain

to support any of the other frêe mnning modes. The level of gain saturation can be

determined by solving Equations 3.7, to give

2'Y.Et
'Yc -'Ym: -l cos [/ (t) - Ó^ (¿)] : u¿eç¡cos tAd (Ú)] (3.11)

For a free-rururing laser the rate at which lasing light is added to the cavity

by stimulated emission exactly equals the rate at which light is lost due to output

coupling and other losses, and thus "y.-.y^: 0. However Equation 3.11 shows that

in an injection locked laser, the slave laser gain is saturated to such an extent that

the round trip gain (ie Erp[(1" - làr")) is less than one and hence a free-nrruring

laser mode is not possible. The slave laser becomes a regenerative amplifier with

its power gain limited by the saturation properties of the slave laser gain. Equation

3.11 also shows that round trip gain of the resonator is reduced as the difference

in frequency between the free mruring mode of the slave laser and the master laser

is made smaller. Hence higher suppression of spurious modes is achieved when the

frequency of the slave is tightly locked to that of the master. This is particularly

relevant when effects such as spatial hole.burning are present in the resonator.
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3.3 Passive Injection Locking Performance

The compactness and rigid construction of the slave laser resonator enables excellent

free.running performance: injection-locking was maintained for periods of up to

thirty seconds without the use of servo control. In this section on passive injection

locking I will describe the mode matching of the master light to the slave laser

resonator and the temperature matching of the crystals of slave and master lasers.

Temperature matching of the master and slave lasers' crystals was found necessary

to ensure that the frequency where the ma>cimum gain of the slave and the master

occurred was matched.

3.3.I- Mode Matching and Alignment

Mlhen an arbitrary TEMss mode is incident upon a resonant structure, its field with

be coupled into the various transverse modes of the resonator. Mode matching is

required to ensure that all of the incident field is coupled into the fundamental mode

of the resonator. In the case of injection locking, incorrect mode matching manifests

itself as a reduction of the locking range.

The types of mismatch between the master field and the fundamental slave laser

mode can be categorized into four types [87]:

o Waist size mismatch

o Waist position mismatch

o Angular misalignment

o tansverse displacement

The first two forms of mismatch occur when the waist and the radius of curvature

of the master beam are not matched to the fundamental mode of the slave laser.

The fundamental mode of the slave laser is elliptical which makes accurate mode

matching of the master laser to this mode more complicated. Initially we decided

to simply focus the master laser to a circular spot, with its size in between the sizes

of the slave laser mode in the vertical and the horizontal planes. A simple extension
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of the formula presented by Siegman[73] enables theoretical coupling efficiency to

be calculated, the result is

(3.12)
4

Dt coupled,

Pn"*.,
'lDm;l') sr.l,no. 

", ffi ,l c;#; e
where Ir: T,lt)rntt utna is the master waist size in the horizontal and vertical

planes respectively within the slave resonator; It)st¡ usa is the spot size of the slave

laser measrued at the location of the masters waist; R",, R", are the radii of curva-

ture of the wavefront of the slave laser, also measured at the location of the master's

waist. Equation 3.12 is derived in Appendix 43.

The master and slave laser's radius of curvature are closely matched and therefore

any mis-match will be ignored. Using this approximation and assuming the slave

waist size is (0.35mm, 0.15mm) and the master waist size is 0.2 mm, Equation

3.12 indicates that the fraction of the master power injected into the slave laser

fundamental mode is 0.82. With 82% coupling efficiency the locking range should

be 92% of the full range. We have measured the locking range by sweeping the

frequency of the master laser by a known amount and determining the range of

frequencies over which complete extinquishment of the reverse slave laser mode

occurs. The reverse slave laser mode is the mode that propogates in the opposite

direction around the slave laser ring resonator to the mode which we injection-lock.

For the case of a master poïver of 80mW and a slave power of 4.0 W, the locking-

range was found to be 8.5+1.0 MHz, compared with an optimum theoretical value

of 8.7 MHz. \Me conclude from this that elaborate, exact matching of the master

laser waist size is not necessary.

The optics for the modematching of the master laser field were designed using

the simple modematching formula presented in the paper by Kogelnik and Li[88].

To match a waist size ut¿nto a waist size of uøut ãsimple thin lens can be used. If
the lens is placed a distance d1 from waist ru¿,¿ and then the waist u.ror¿ will be found

a distance d2 from the lens where
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(3.13)

(3.14)

d,1

d,z

r+#\m
Í +:u""t

uán
f'- f3

7fU¿nUo1"¡
fo

À

where / is the focal length of the modematching lens. In our experience, accurate

knowledge of the initial waist position is necessary to obtain accurate size matching.

In our injection-locked laser scheme two lenses were necessary, the first one to guide

the light through the EOM and the optical isolator without significant clipping loss,

the second to modematch into the slave laser resonator.

The last two forms of mismatch occur due the master laser not being aligned with

the optical axis of the slave resonator. Correct aligrrment of the master laser wa^s

achieved by first locating the slave laser beam using a pinhole and a CCD camera.

The master laser was then aligned such that when it was reflected off the output

coupler it matched the spatial position and orientation of the slave laser beam.

It was noticed that a slight mismatch in the alignment of the laser beam caused

a significant reduction in the locking range. Both angular misalignment and trans-

verse displacement predominantly couple light into the TEMoI mode of the slave

laser resonator. The coupling coefficients for these effects have been derived by

Andersen[87]. The amplitude coupling coeffi.cient for angular misalignment is

where us is the waist size of the slave laser, a is the angle between the input

master field and the slave laser measured at the waist of the slave laser and À is the

wavelength of the laser light. Note that this coupling coefficient assumes that there

is no other form of misalignment. If the ma:cimum reduction of the locking range is

to be 10% and the slave waist size is 300¡^rm, then a < 10-4 radians.

llWOo,rcot$¿tt)

The amplitude coupling coefÊcient for transverse displacement is
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t¿
Coildisolacernent\ : 
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where ø¿ is the transverse displacement between the slave laser beam and the

input master laser beam measured at the location of the v/aist. Like the other

coupling formula, this coupling coefficient assumes that there is no other form of

misalignment.

The mode-matching of the slave laser was limited by waist size mis-match and

not by our alignment technique. However, over a period of weeks the locking range

was found to decrease due to mirror misalignment. If an injection-locked laser is

to be used for a long period, then rigid and stable mirror mounts must be used to

guide the master laser.

3.3.2 Master and Slave Temperature Matching

For convenience, injection locking was often achieved by tuning the NPRO frequency

to a dominant mode of the slave laser. When the master laser was suffi.ciently close

to a slave laser mode, the frequency control servo of the slave would take over

and adjust the slave frequency to be that of the master. It was done this way as

the master frequency v/as very easy to tune by altering its temperature (tuning

coefficient -2 GHz/C).

However, the line center of the monolithic NPRO was found to be temperature

dependent. Thus, if the slave and master lasers are not temperature matched, the

master laser will injectionJock a slave laser mode that is far from the slave laser

gain centre. The result of this is a reduction in the range of frequencies over which

complete extinguishment of sþurious slave laser modes occrus. If the temperature of

the crystals were badly mis-matched (-20oC) complete extinguishment of the free

running slave laser modes would not occur even if the frequency of ma^ster laser was

exactly matched to an æcial mode of the slave laser resonator.
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3.4 Injection Locking Servo Design

To achieve long term injection locking, servo control of the slave laser resonator

frequency is necessary. F\rrther, if the slave laser frequency is different from that

of the master but still within the locking range, frequency noise can be coupled

into the intensity noise spectrum of the injection-locked laser[75]. Hence, to prevent

degradation of the intensity noise spectrum of the injection locked laser, the slave

laser frequency must be tightly servo controlled.

A schematic of the servo used to achieve long term injection locking is shown

as Fig 3.2. A block diagram describing the servo is illustrated as Fig 3.3. The

servo loop consists of four main parts: the discriminator, pre-amplifier, high voltage

(HV) amplifier and actuator. The design and transfer functions of the discriminator,

actuator and HV amp will be first discussed in detail and then the design of the pre-

amp will be discussed. The pre-amp is designed to enable the optimum feedback loop

performance given the limitations of the actuator, discriminator and HV amp. To

minimize the effect of the electronic noise of the servo, the gain of the discriminator

and the pre-amp must be as high as possible [71], even if this means reducing the

gain of the actuator to ensrue that the servo loop remains stable. A convenient way

to minimize the effect of servo noise is to use the capacitance of the PZT actuator

in a low pass filter.

3.4.L The Discriminator

The discriminator uses the Pound-Drever-Hall technique[lO] to derive an error sig-

nal. As was shown in Section 3.2, if. the frequency of the slave does not exactly match

that of the master laser then there will be a phase difference between the output

of the injectionlocked laser and the master laser. FTom Equation 3.10, this phase

difference varies from -f to f as the slave laser resonator is scanned through the

whole locking range. The Pound-Drever-Hall discriminator is an RF sideband tech-

nique that detects this phase difference by imposing phas+modulation sidebands on

the master laser. This can be done using either an external electreoptic modula-

tor (EOM) or by modulating the master laser directly at one of its natural crystal
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Figure 3.2: A schematic of the Pound Drever Hall servo system
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Figure 3.3: A block diagram of the Pound Drever Hall servo system
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(3.15)

resonances using a" PZT [S9]. The phas+modulation frequency must greater than

the cavity linewidth so the sidebands will be reflected by the output coupler with

no change in phase. Our slave la^ser resonator is compact and hence its linewidth is

large (-60 MHz). W" therefore chose to rxe an 150 MHz tuned EOM to generate

the phas+modulation sidebands. Note that the EOM is placed before the optical

isolator so that it is protected from the optical power of the reverse wave of the

free.running slave laser.

The slave laser light is mixed with the phase modulated master on a photodiode.

If the free-running frequency of the slave laser is equal to that of the master laser,

then the injection-locked laser light is in phase with the master laser light and thus

no amplitude modulation will occur. However if a frequency difference is present,

then the modulation products will not cancel and an amplitude modulation term

will be produced. The magnitude of the amplitude modulation term is proportional

to the sine of the phase difference. It is heterodyned to DC using a double balanced

mixer with the local oscillator being provided by a sample of the EOM drive.

The discriminator sensitivity is derived in Appendix A4 and is given by

Lv (t) _
Aø (t)

-2 R ¡ T aTprt o a ¡r tÆ,ù (þ)

u)Iock

where 4¿ is the sensitivity of the photodiode, r¡, is the percentage of the total field

measured by the photodiode, Topu is the efficiency of the double balanced mixer,

R¡ is the transimpedance gain of the photodetector, P- is the power of the master,

P" is the power of the slave and B is the phase modulation depth. The sensitivity

of the discriminator is independent of frequency within the bandwidth of the servo

(DC-10kHz).

3.4.2 The Actuator

A piezo-electric transducer (PZT) with a mirror bonded to it is used as the ac-

tuator. The actuator converts the feedback voltage to a frequency correction, by

altering the optical path length of the slave resonator. Electo-mechanical actuators

generally have lower resonant frequencies than ptuely electrical systems. Disc PZTs

were found to have higher resonant frequencies than tube PZTs. However, greater
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displacement per volt can be achieved for tube PZTs than for disc PZTs, unless

many discs are bonded together. Often the maximum displacement obtainable by

PZTs is limited by the high voltage amplifier used to drive them, as high voltage

swings at high modulation frequencies (>10 kHz) can be difficult to achieve. Hence

systems that make use of PZTs which have a greater displacement per volt often

have a greater dynamic range. In summary disc PZTs have high bandwidth and a

low dynamic range, whilst tube PZTs have a lower bandwidth and a higher dynamic

range.

To achieve the conflicting goals of high bandwidth and high dynamic range other

workers have found it necessary to use a split feedback[ 9] [75]. Split feedback

systems utilizes two PZT actuators: a narrow bandwidth PZT with large dynamic

range and a high bandwidth PZT with low dynamic range. To achieve the required

Ioop gain with a single PZT actuator, the design becomes critical. After much

experimentation it was decided that the best solution was to use a balanced disc

PZT, as this enabled the largest servo bandwidth and the reduction in dynamic

range was found not to be significant.

The configuration used consists of two annular PZT discs mounted 'back-to-back'

with a thin sheet of copper shim sandwiched between them. The discs were made

fromPz27 [00] wittr 10mm thick, 10mm inside diameter and 25mm outside diameter.

The disc PZT assembly was held by the mount in a balanced configuration, as shown

in Fig 3.4. The HR mirror was mounted on one end of the PZT stack and a counter

balance mass v/as mounted on the other. The PZT stack is held by the mirror

mount at the plane of its centre of mass. This balance arrangement results in

negligble reaction forces on the mount, and thus prevents low frequency resonances

of the mount from adding parasitic resonances to the transfer function. Using two

PZTs mounted back-to-back rather than a single balanced PZT doubles the dynamic

range of the system, but halves the frequency of the lowest longitudinal resonance.

The copper shim acted as an electrode and was grounded, the high voltage signal

was applied to the other ends of the PZTs.

The transfer characteristics of the actuator are shown as Fig 3.5. These char-

acteristics were measured by placing the actuator in a Mach-Zender interferometer
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Figure 3.4: The balanced píezo actuator

as illustrated in Fig 3.6. This type of interferometer has an advantage over a con-

ventional Michelson interferometer as reflections off the back face of the HR mirror

do not degrade the fringe visibility. The interferometer was tuned by applying a

DC voltage to the PZT such that the output of interferometer at the detector was

midway between a da¡k fringe and a light fringe. A spectrum analyzer v/as used to

provide a swept frequency signal that was amplified, AC coupled to the PZT. The

response of the interferometer was then compared to a sample of the amplifed drive,

giving the frequency response of the actuator.

The transfer function shows a longitudinal resonance at 42 kHz and a parasitic

resonance at 27 kHz. The low frequency part of the transfer function is clear of

any mount resonances, which illustrates the effectiveness of the balanced mounting

system. Since the ma^ss of the mirror is small compared with the mass of the PZT,

the frequency of the lowest natural resonance of the PZT should be approximately

that of the unloaded PZT. The fundamental resonant frequency of the unloaded

PZT is the lowest frequency at which an acoustic standing wave will be established.

For this resonance, the ends of a balancedPZT can be considered as free ends and

the centre of the structure where the PZTs are joined can be considered a node. The

acoustic wavelength required to establish the fundamental standiig wave is therefore

twice the length of the PZT. The fundamental resonance and frequency of thePZT
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Figure 3.6: A Schematic of the optical set-up used to test the PZT actuator transfer
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is thus given by

Usound,f
À

(3.16)

where .E is the Young's modulus, p is the density of the PZT ceramic and .L is

the length of the PZT stack. Equation 3.16 assumes that the glue holding thePZT

stack together is stiff.

It was found during the preliminary work that the lowest resonance of this system

was always significantly less than the theoretical value of 65 kHz for the PZT stack

as predicted by Equation 3.16. It was thought that the mirror mass and the glue

holding the mirror to the PZT acted like a mass on a spring. This was verified

when the lowest resonant frequency was increased by changing the glue from five

minute epoxy to a much harder glue (Torrseal). AIso, when a system with identical

components l¡/as reassembled using a different gluing technique to attach the mirror

to the PZT also using Torrseal, a lowest resonant frequency of 47kEz was obtained.

This suggests that the frequency of the lowest resonance is still limited by the gluing

technique even though a hard glue was used. To improve the bandwidth further a

lighter mirror would be required.

The tube PZT actuator was also investigated. These PZTs work by applying an

electric field perpendicular to the direction of desired length change and because the

applied electric field contracts the piezo ceramic in the direction parallel to appliecl

electric field it expands them in the other direction, or vice versa. The tubes that

were used were made from PZT 5A[91] and had the dimensions of 25mm length,

25mm OD and 19mm ID. The transfer function for the balanced tube configuration is

illustrated as Fig 3.7. The tube PZTs have higher dynamic range but their transfer

firnctions were found to exhibit four large resonances at 28, 95, 42,48 kHz and

the loss of phase associated with these resonances limits the maximum bandwidth

achievable. Stable injection locking was achieved using this PZT actuator, however

the largest servo loop gain was obtained using the balanced disc PZT acttator.
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3.4.3 High Voltage Amplifier

In the course of his PhD work Chris Hollitt designed and built a high voltage am-

plifier using a HV op-amp[92] recommended by the ANU quantum optics group.

The HV amplifier had a maximum output voltage of 400 V and a voltage gain of

100. Its response was flat to 50 kHz and only 5 degrees of phase was lost over that

bandwidth, as shown in Fig 3.8.

3.4.4 Pre-Amp Design and Loop Gain

The pre-amp is used to adjust the loop gain to compensate for imperfect elements,

such as the actuator. This enables the loop gain and hence noise reduction to be

maximized while ensuring that the servo remains étublu and d.oes not oscillate. A

circuit diagram fo¡ the pre-amp is shown in Appendix 83. A plot of the calculated

transfer function for the pre-amp is shown in Fig 3.g.

To maintain stability the phase margin of the loop gain must be positive as was

explained in Section 1.4. The techniques of phase lag and phase lead compensation

[7I]1721were used to increase the gain at low frequencies and still ensure positive

phase margin at unity gain. An integrator was used to provide increased loop gain at

low frequencies. A phaseJead filter was then used so that positive phase margin was

obtained as the loop gain passed through unity gain. To ensure that the resonances

at 27 kHz and 42 kHz did not cause instability, an additional low pass filter with its

corner frequency at LT kHz was incorporated. This ensured that the phase was less

than -180 degrees before the frequency of the two resonances was reached. Therefore,

as shown in Fig 3.10, these two resonances occurred on the positive side of the real

axis on the Nyquist diagram and hence did not cause encirclement of the point (-

1,0). This low pass filter had the additional advantage that it added to the steep

roll-off of the loop gain at high frequencies, which ensured that the loop gain at any

higher frequency resonances did not exceed unity gain. The Bode Plot of the loop

gain is shown in Fig 3.11.
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Figure 3.10: The Nyquist plot for the loop gain of the servo system

3.5 Slave Laser Flequency Noise

The signal from the discriminator can be used as a measrue of the residual frequency

noise if the signal is sufficiently far above the discriminator noise floor. The residual

noise of the slave laser and the discriminator noise floor are shown in Fig 3.12.

They were calibrated by slowly sweeping the frequency of the master by a known

amount and measuring the slope of the error signal. The residual frequency noise

of the laser is well above the noise floor of the discriminator. This demonstrates

that the discriminator sensitivity is suficiently high that it does not limit the noise

reduction. The bright lines in the noise floor are caused by 50 Hz harmonic pick-up,

with improved shielding of the experiment these would be removed. The shot noise

limit for this system is belov¡ the electronic noise and hence does not limit the noise

reduction either.

For frequencies at which the servo loop gain is high, the frequency correction

applied to the PZT actuator is equal in magnitude but oppo'site in sign to the

frequency noise of the slave resonator. Hence the free-running slave laser frequency
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Figure 3.12: The residual slave laser frequency noise with servo noise reduction
(black) Noise floor of the discriminator (blue)

noise can be evaluated simply by measuring the signal applied to the PZT actuator.

The result is displayed as Fig 3.13.

For a servo with no signiflcant additional noise sources within the servo loop,

the reduction in the freenuming frequency noise is given by

st"I'*r'(ø-"¿) : iEfu;J ffi""-runnr,,, ("*) (3'17)

where Slßr"*runnr,s (ur'oa) is the free rtuuring frequency noise of the slave laser

and ø-o¿ is the frequency of the noise modulation, G (ø-o¿) is the loop gain of the

servo. SI!:*r"(r^*) is the residual slave laser frequency noise. This tenn does not

include the additional frequency noise suppression due to injectionJocking which

will be considered in Chapter 4.

The theoretical noise reduction is plotted along with the experimentally deter-

mined noise reduction in Fig 3.14. This plot shows good agreement between theory

and experiment. This strongly suggests that the residual frequency noise is limited

by the magnitude of the freerunning slave laser frequency noise and the loop gain,
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Chapter 4

Flequency and Intensity Noise

Measurerrents

4.L Introduction

In this chapter the frequency and intensity noise of the injection-locked ìaser will

be discussed. I will start by reviewing the theory of frequency noise reduction by

injection-locking as presented by Farinas et al.[62] and Barillet et al.[75]. Next,

the contribution of the slave laser's frequency noise to the frequency noise of the

injection-locked laser will be discussed. This was found to be insignificant compared

to the contribution of the master laser below 30 kHz. The frequency noise contribu-

tion due to the slave laser has also been calculated theoretically and good agreement

with the experimental data has been obtained.

The intensity noise of the injectionJocked laser has been measured both at low

frequencies and RF frequencies. We find that the laser is shot-noise limited for

frequencies above 5 MHz for 6mA of photocurrent and predominantly limited by

the pump noise of the slave laser at low frequencies. We have used feedback to the

slave laser pump source to decrease the intensity noise of the injectionJocked laser,

by over an order of magnitude at low frequencies.

79
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4.2 Theory of Flequency Noise Reduction by Injection-

Locking

To describe the various contributions to the frequency noise of an injection-locked

laser Farinas followed an approach used for microwave oscillators[62]. By using

Laplace transform analysis to solve Equation 3.9, he was able to derive the transfer

function for both master and slave frequency noise to the output of the injection-

locked laser. The transfer functions are as follows

n*@) ó 1
(4 1)

(4.2)

(4.3)

ó* L+ j;ffiaø

where u)bctc : r\.u¿ and, Ló (t):Arcsin l*+l . If it is assumed that the fre-
L ut""t" )

quency noise of the master and the slave lasers are uncorrelated, then the frequency

noise of the injection-locked laser is given by

s¡,u(a): lH"(u)12 s¡,,(r) + lH*(r)12 s¡,,,(u)

H,(r): 
*:

where S¡,u (u), S¡,^(u) and ,S¡," (ø) are the spectral densities of frequency noise

for the injection-locked laser, the master and the slave lasers respectively.

Equations 4.L, 4.2 and 4.3 reveal some important features. For example, the

greater the injection-locking range, the greater the range of Fourier frequencies for

which the master has control over the injection-locked laser, and the greater the

suppression of the frequency noise of the slave laser. When the slave laser is held at

the centre of the locking range, the transfer function for the master noise is that of

a low pass filter with a corner frequency equal to u¿o"¡. Flequencies higher than the

locking range are rejected by the resonator and do not have the opportunity to be

amplified.

The transfer function for the slave laser noise is simply that of a high pass filter

with its corner frequency at u¿o"¡. This is indeed fortunate as it means that low

frequency slave laser frequency noise is heavily attenuated. This is the frequency



4.2. THEORY OF FRE?UEIVCyNOISE REDUCTTON BY INJECTION-LOCKIVGsI

region of most interest for gravitational wave detection and is also where slave laser

technical noise is greatest in diode pumped solid.state lasers.

If the slave laser is not held at the centre of the injection locking range then

the effect on the system is the same as an effective reduction in the locking range.

This reduces the frequency range in which the master laser effectively controls the

phase of the injection locked laser and thus reduces the attenuation of the slave laser

frequency noise at low frequencies.

In most practical injection-locked lasers a servo system is required to maintain

long term injection-locking. However, the effect of the servo system is not included

in Equation 4.2. Barillet et al.[75] expanded on the approach taken by Farinas and

considered the frequency noise reducing properties of the servo. The effect of the

servo on the frequency noise of the slave laser is given by the equation

s¡,".,uo(') : l-å,l' ',,r,r*","1 
(ø) * s""'uo(') + s¡,''(u) (4'4)

where S".,oo is the noise introduced by the servo loop and G (r) is the loop gain

of the servo. In our laser system the size of the first term is orders of magnitude

Iarger than the second and third term for the frequencies of interest (<50 kHz).

Hence for the purpose of this discussion only the first term will be considered. Thus

combining Equation 4.4 and Equation 4.2, tlne contribution to the frequency noise

of the injectionJocked laser by the free-running slave can be shown to be

1

t

S ¡,ttlstoo.) (r) :
r+G (ø) 1+ j;ffiø S ¡,¡r1rtor.¡ (u)

As the modulations that are of interest to gravitational wave interferometry

and field based vibrometry are oiders of magnitude smaller than u¡o"¡ and the free-

running frequency of the slave laser is controlleil such that it is close to the frequency

of the master laser, the above equation can be simplified to

1 u
Utock

S¡¡r1"too.¡ (r) : j
2

S",lr..-unnhg (u) (4.5)
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4.3 Flequency Noise due to the slave Resonator

Equation 4.5 indicates that the frequency noise of the slave should only be weakly

coupled into the fÏequency noise spectrum of the injection-locked laser. To verify

this we set up the experiment slxrwu irr Fig ??. This experiment is similar to
one performed by Nabors et al.f4ll for a flash-lamp pumped injection-locked laser

system. This set-up uses a beat measurement to measure the fluctuations in the

phase difference between the injection-locked laser and the master laser. A sample

of the master is frequency shifted by 80 MHz using an Acousto-Optic Modulator

(AOM). This beam is combined with a sample of the injection-locked laser using

a beam splitter. The resulting beat signal is then detected by a fast photodiode

(bandwidth 200 MHz), and the beat note is mixed in quadrature with a sample of

the AOM drive frequency.

It can be shown that for small phase variations, the voltage at the IF port of the

mixer is related to the phase difference between the injection-locked laser and the

master by the following relationship

V (t) : Tp¿T¿um,\moRÍ P¿,rnP¿,"L,þ (t)

where Tpd{ld.bm.tnmo are the efficiencies of the photodiode, the double balanced

mixer and the spatial mode overlap between the frequency shifted master and

injection-locked laser respectively, .R¡ is the transimpedance gain of the photo-

detector circuit, Pd,,*, Pd,," are the detected power of the frequency shifted master and

the injection-locked laser respectively. The above equation is derived in Appendix

45.

The phase difference spectral density plot can be converted to a plot of the

additional frequency noise by simply multiptying by the Fourier frequency. Fis
4.2 (black curve) shows the frequency noise that is added to the injection-locked

laser by the slave laser resonator and the servo. Also shown in Fig 4.2 for the

sake of comparison is the typical frequency noise of a free-mnning NPRO[62]. This

shows that the frequency noise of the injection-locked laser is not limited. by the

contribution of the slave laser's frequency noise for frequencies below 50 kHz.



4.3. FRESUENCY NOISE DUE TO THE SLAVE RESONA"OR

The frequency noise contribution from the slave laser can also be inferred using

the error signal of the servo loop and is shown in Fig 4.2 (blue curve). It was

mentioned in Section 3.4 that the performance of the servo was not limited by

the noise of the servo and hence the error signal should be a reasonably accurate

representation of the additional frequency noise. It is reassuring that the plots show

reasonable agreement.

Also shown in Fig 4.2 (red curve) is the calculated contribution to the frequency

noise of the injection-locked slave by the frequency noise of the slave laser. This is

derived using the measured freerunning slave laser noise (see Fig 3.13) and Equation

4.5. Above 300 Hz aII three curves show excellent agreement. It is higtùy likely that

below 300 Hz the measurement using the AOM is limited by the ambient vibrations

and the error signal is limited by 50 Hz pickup. The ambient room vibrations

are coupled into the beatnote frequency noise measurement via beam jitter caused

by vibrations of the beam steering mirrors. Beam jitter causes a time dependent

phase-front mis-match between the injectionlocked beam and the frequency shifted

master laser. This results in time dependent variation of the beatnote. These plots

demonstrate that the frequency noise of the injection locked slave is limited by the

frequency noise of the NPRO.

Farinas et al 162] test the frequency noise performance of their injection-Iocked

laser by beating it against an independent monolithic NPRO and analyzing the

resulting beatnote. This demonstrated that the frequency noise of the injection-

locked laser was comparable to the frequency noise of the master laser. Barillet eú

aI. [75] use the error signal from their Pound-Drever-Hall servo to measure their

slave laser's contribution to the frequency noise of their injectionJocked laser. Flom

this, they show that the slave laser component of the frequency noise of the injection-

locked laser is significantly less than that due to their master la^ser for frequencies

below 50 kHz. Using our technique, however,'we can independently show that the

contribution due to the slave laser agrees with theoretical predictions.
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Figure 4.1: A schematic of the experiment used to measure the frequency noise
contribution of the slave laser to the injection-locked laser

4.4 Intensity Noise

The intensity noise of injection-locked lasers has been studied extensively using both

semi-classical models[62][75] and, more recently, fully quantum mechanical models

[61][60][S5][5S]. Semi-classical models provide an accurate model of the intensity

noise spectrum of an injection-locked laser for low to medium frequencies (around

the slave laser's relaxation oscillation). As the semi-classical model does not consider

the quantum mechanical nature of light, its applicability is limited to the cases

where the pump source and the master laser are not quantum noise limited. For

high frequencies or when the pump and the master lasers are quantum noise limited

the fully quantum mechanical description of Ralph et al.[61][60] must be used.

The intensity noise spectrum has three main contributions

o Pump induced intensity fluctuations

o Master induced intensity fluctuations
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¡ Conversion of frequency noise to intensity noise

In the following three subsections I will provide a sumulâ,ry of the theory of

these contributions to the intensity noise of an injection-locked laser.

Effect of Pump Intensity Fluctuations

In a freerunning solid-state laser, low frequency (well below the rela>ration oscillation

frequency) pump noise is directly transferred to the output of the laser. Injection

locking does not alter this, which is not surprising as low frequency pump fluctua.

tions directly modul.rate the available laser gain and hence the output power of the

injection- locked laser.

The transfer function of the pump fluctuations to the laser output of a free

running solid-state la.ser is that of an underdamped second-order filter. The rela>r-

ation oscillation caused by the coupling of the lasers intra.cavity light field to the

population inversion of the gain medium causes a noise peak in the vicinity of a few

hundred kilohertz.

Injection-locking modifies the pump to injection-locked laser transfer function at

frequencies around the relaxation oscillation by overda,mping the rela><ation oscilla-

tion. This occurs for all practical slave/master po\iler ratiosþ2J. Hence the transfer

function for the pump to the injection-locked laser is simply an overdamped second

second order low pass filter whose roll-off can be as high as 20dB per octave. The

corner frequency for this overdamped second order filter is given by[60]

,h = ,'^
71, wlæ*

(4.6)

where 7¿ is the damping factor for the relaxation oscillation, ar¡ is the frequency

of the relaxation oscillation of the free running slave. Thus, slave laser pump noise

is a dominant noise term at lovr frequencies and rapidly looses significance as the

frequency of the relaxation oscillation is approached.

Effect of Fluctuations of the Master Laser

The transfer function for the ma^ster laser intensity fluctuations to injection-locked

laser intensity fluctuations is significantly more complicated than that of the pump

wclout -
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laser transfer function. This transfer function can be broken up into three frequency

regions

(1) Low frequency region (frequencies well below the slave laser's relaxation

oscillation frequency)

(2) Amplification region (for frequencies around the slave laser's relaxation os-

cillation frequeney)

(3) High frequency region

Low frequency fluctuations of the master laser's intensity cannot be amplifi.ed

as the slave laser gain is saturated. The intensity noise spectrum of the injection-

Iocked laser at low frequencies is simply the geometric sum of the master and the

slave lasers modulations weighted by their respective average powers[61].

For frequencies near the relæcation oscillation of the slave, the slave laser acts like

an optical amplifier for master laser intensity fl.uctuations. In this frequency range,

the relative intensity noise of the injection-locked laser will be the same as that of the

master[62] if the master laser intensity noise is well above the quantum limit. It is

worth noting that even if both the slave laser's pump source and the master laser are

quantum noise limited, the injection-locked laser will not be quantum noise limited

in this region. This is due to amplification of the master laser quantum noise[61][60].

The last region is the high frequency region, at frequencies that are much greater

than the relæcation oscillation frequency. At these high frequencies, fluctuations of

the master are simply reflected off the output coupler. Hence the quantum noise of

the master laser is neither amplified nof suppressed[61][60].

Conversion of frequency noise to intensity noise

If the slave laser natural resonance is slightly detuned from the master laser fre-

quency, frequency variations between the master and the slave are strongly coupled

into the amplitude noise spectrum. Barillet et al. [75] found that when the fre-

quency offset between the natural slave resonance and the master was 84 kHz (lock-

ing range:l.6 MHz), a frequency modulation applied to the master at 80kHz with a

l26kHz modulation depth produced a relative amplitude modulation of 0.030. Mlhen

the same frequency modulation was applied with no frequency offset, no additional
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amplitude modulation v/as observed. This effect can be used as a means of tuning

out any dc-offset errors in the frequency control servo of the slave laser.

4.4.L Measurement of Intensity Noise

Low FYequency Intensity Noise

The low frequency intensity noise spectrum of the injection-locked laser was mea-

sured using a low noise photo-detector and a low frequency (DC-5OkHz) audio-

spectrum analyzer. The photo-detector consisted of a reverse biased InGaAs PIN

photodiode coupled to a transimpedance amplifier. The InGaAs photodiode was

chosen for its high sensitivity at l¡,tm. A low noise OP27 op-amp was used for the

transimpedance circuit, and the +9 V rails for this circuit were provided by 9V

batteries to eliminate noise from external power supplies. The bandwidth of this

photo-detector was 500 kHz. A circuit diagram of a transimpedance photediode

circuit is shown in Appendix 84. The measurement of the pump diode intensity

noise were performed using a similar photo-detector circuit, except a silicon PIN

photodiode was used.

The low frequency pump to injection-locked laser transfer function for intensity

noise can be derived as follows. The power of an injectionlocked laser (P¿¿) is related

to the pump pov/er (Po) bV

4, : ,1, @o - Prn)

where 4" is the slope efficiency of the laser and P¿¿ is the power of the pump laser

at threshold of the injection-locked laser. Hence at low frequencies the pump relative

intensity noise to injection-locked laser relative intensity noise transfer function is

given by

LP¿t/P¿.t
(4.7)

do not take the

then Equation

LPplPp
q"LPpl lq" (Po - Prùl _ Po

LPplPp Po - Ptn

This derivation assumes that the P- ( P" and pump fluctuations

slave laser below th¡eshold. If the slave laser is well above threshold,
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Figure 4.3: Low frequency intensity noise of the pump and injection-locked la^sers

4.7 shows that the pump intensity modulation to injection-locked laser intensity

modulation transfer function approaches unity. Hence the relative intensity noise of

the pump and the injection-locked laser should be the same at low frequencies.

The relative intensity noise of the pump and the injection-Iocked laser are shown

as Fig 4.3. As expected the spectrum of the injection-locked slave is very similar to

that of the pump laser with a few exceptions. The peaks that occur in the spectrum

of the injection-locked laser have two sources. The 50 Hz harmonics are due to

conversion of the 50 Hz harmonics in the slave laser pha^se noise (this phase noise is

illustrated in Fig 3.12) to intensity noise. The 50 Hz harmonics that are observed in

the intensity noise spectrum of the master laser are not large enough to cause this

effect. The other lines are probably caused by vibrations in the fibre lens used to

collimate the laser diode. These bright lines would most likely be eliminated if the

pump source was collinated using a micro-lens a,rray attached to the laser diode.

Medium to High FÏequency Intensity Noise

The frequency noise beyond 100 kHz wa,s mea,sured using a high bandwidth (DC-

200 MHz) photodetector circuit designed by members of the ANU Quantum Optics

group [6a]. This photedetector also uses a photodiode coupled to a transimpedance

amplifier. The amplifier uses a very wide bandwidth (ga,in-bandwidth product:l.9
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GHz), low noise opamp manufactured by Comlinear, model number CLC425. The

spectrum was recorded using a Tektronix digital RI. spectrum analyzer (model num-

ber 497P). The medium to high frequency intensity noise spectra are illustrated as

Fig 4.4. In the medium frequency regime, as expected the master laser and the

injection-locked laser show reasonable agreement. The noise peak at 650 kHz is an

artifact of the servo which suppresses the master la^ser's rela>cation oscillationf55].

Unfortunately the noise floor of this measurement is limited by the spectrum a,na.

Iyzer, and is comparable to the predicted shot noise for this measurement (photo

current : 6 mA). The predicted shot noise power was added to the noise floor porver

to determine the predicted shot-noise level. It would eppear that the injection-locked

slave is shot-noise limited beyond 5 MHz when the detected photecurrent is 6 mA.

The intensity noise spectrum w¿u¡ measured up to 50 MHz and no additional intensity

noise peaks were observed.

4.5 fntensity Noise Reduction

As was mentioned in the first chapter, the requirement for the intensity noise at low

frequencies for the interferometric detection of gravitational waves is 5 x l}-E l\/ H z

at 1 kHz. Active intensity noise reduction is often required to approach this level.

Various papers have been published on the intensity stabilization of solid state lasers

using active feedback to the pump source[59][57][56][60]. The design of the servo for

these systems is made more difficult by the presence of the relaxation oscillation in

the pump to laser transfer function. Huntington et al.l58] have achieved broadband

intensity noise suppression by using injection locking to suppress the relaxation

o.scillation in an injection-locked monolithic NPRO and multiple feedback loops.

Low frequency noise correction wa,s sent to the slave laser's pump source and higher

frequenry correction was sent to a master laser modulator.

It should be possible in principle to apply this scheme to our higher power device.

However, the pump source for our la"ser is a multi-emitter, multi-mode, high power

diode axray, while in the work by Huntington et al. the slave laser was pumped using

a low power single emitter pump diode. Thus, ít was not clea¡ whether feedback
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to this pump diode array would achieve noise reduction. 'We have performed this

experiment and have achieved significant noise reductions to 8 kHz. Thus, there

would appeax to no obvious impediment to broad band intensity noise correction

being applied to this medium power laser.

The driver for the high povrer diode arraúy provides a DC-coupled a,nalogue mod-

ulation input port. The transfer function for this analogue input to pump intensity

modulation is illustrated as Fig 4.5. Also shown is the transfer function of the ana-

Iogue input to injection-locked laser intensity modulation. This figure shows that the

bandwidth is limited by the pumpdriver electronics and not by the injection-locking

process. 'We 
use this port in our proof of principal experiment for convenience. How-

ever if greater noise reduction and bandwidth is required, direct injection of the error

signal into the laser diode could be used. This would eliminate the phase lag due to

the driver electronics.
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Figure 4.6: A block diagram of the intensity noise reduction servo

The block diagram of the experiment is illustrated as Fig 4.6. The error signal is

generated by detecting a small fraction of the injection-locked laser light using the

low noise detector that was used in the low frequency intensity noise experiments. A

pre-amp is used to optimize the loop gain given the limitations of the diode driver.

A circuit diagram for this pre-amp is shown in Appendix 85.

Fluctuations of the pump source directly modulate the temperature of the centre

of the lasing crystal and hence the natural frequency of the slave laser mode. Thus,we

found it necessary to AC couple the preamp as a large amount of loop gain at

DC combined with any offset error in the feedback electronics tended to cause the

frequency control servo to loose lock. The transfer function of the Pre'Amp is

illustrated as Fig 4.7 and the total loop gain is shown as Fig 4.8.

The effectiveness of this technique has be evaluated by measuring the intensity

noise of the stabilized laser using an out-of-loop detector. The detector used was

the high bandwidth detector that was used in the high frequency intensity noise

evaluation. The results of the intensity noise suppression experiment are illustrated

as Fig 4.9, and show that feedback to a high porvr/er multi-emitter array pump source

can be used to significantly reduce the intensity noise of an injectionlocked laser.

The stabilized intensity noise is limited by the loop gain of the servo above 250

Hz and by electronic noise within the servo below 250 Hz. The slight increase in

intensity noise between 9 kHz and 30 kHz is due to lack of phase margin at the unity
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gain frequency. This could be remedied by using a broad bandwidth current source

to directly inject the correction current into the laser diode.



Chapter 5

Conclusions and F\rrther Work

We have developed a laser that is compact, efficient and reliable. The laser produces

5 W of TEMoo mode radiation from a single 20 \M laser diode array. The output

is close to diffraction limited with M2 values of 1.0 and 1.2 in the horizontal and

vertical planes respectively. Single frequency operation and excellent frequency noise

performance is obtained by injection-locking the slave laser using 100 mW of master

po\¡/er supplied by a monolithic NPRO.

The slave laser is based on the Co Planar Folded-zig-zag Slab geometry. \Me have

investigated the loss and the gain characteristics of the CPFS geometry. The losses

for our crystals were found to be approximately 3% with spatial variations of up to

0.5%. The single pass small signal gain of the crystal when pumped with 20 \M was

found to be 2.72+0.02 .

The transverse mode properties of the laser were also studied. Mode control in

the vertical plane was obtained by adjusting the collimation of the pump source.

Horizontal mode confinement was attributed to the residual curvature of the slab

sides. Mode control in the horizontal plane was improved by using a convex mirror

to expand the size of the fundamental mode. The apertures formed by the Brew-

ster angle faces then provide sufficient mode discrimination to prevent higher order

transverse modes from lasing.

The slave laser has good inherent frequency stability: injectionJocking was

achieved for periods of up to 30 s without a servo system. Long term injection-

locking has been achieved using a Pound-Drever-Hall servo system.
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The frequency noise of the injectionJocked laser has been evaluated. \Me have

shown that the frequency noise performance of the injection-locked laser is limited

by the frequency noise of the NPRO master laser for frequencies below 50 kHz, and

thus satisfies the specifications for LIGO 1. We therefore are confident that oru

injection-locked laser can be stabilized by using feedback to the master laser. The

frequency noise reducing properties of the injectionJocking process and the servo

control system have also been studied and excellent agreement with theory has been

obtained.

The intensity noise of our injection-locked laser has been measured. The laser

meets the specifications for LIGO stage 1 at low frequencies. At high frequencies

the laser is shot noise limited above 5 MHz for 6 mA of photo-current. This noise

level is within 2 dB of the shot-noise limit for 10 mA of photo-current, and thus

satisfies the LIGO stage 1 specifications. Further, we have demonstrated in excess

of an order of magnitude of intensity noise reduction at low frequencies by feeding

back to the high power pump laser diode.

With a small amount of engineering the laser described here will be ready for

use in the Australian gravitational wave detection community's Advanced Research

Interferometer (ARI) located in Perth.

Power scaling of the CPFS slab laser is currently being investigated. It was

mentioned earlier that 10 Watts of TEM69 radiation has already been achieved us-

ing two 20 \M pump diodes and a standing rù/ave resonator geometry [53]. F\rrther

power scaling possibilities are being investigated by Richards eú o/.[53] using trans-

verse cooling techniques and Mudge et al.l14l using faced cooled geometries. These

advances along with the work presented in this thesis should enable a high power,

single frequency injection-locked CPFS laser to be developed.

F\rrther work on frequency stabilization of CPFS injectionJocked lasers would

be worthwhile. We have recently assembled a moderately high finesse reference

cavity ( finesse=2x103). The demonstration of frequency noise reduction by locking

the injection-locked laser to this reference cavity using feedback to the master laser

would further demonstrate the potential of our injectionJocked laser.

In the area of intensity noise reduction, it was mentioned earlier that the band-
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ïuidth of our intensity noise reduction system was limited by the pump laser driver.

It would be valùable to investigate the use of direct injection of the correction cur-

rent into the laser diode, a technique that is frequently used in lower power systems.

This along with improved photo-detection circuits should enable the achievement

of intensity noise at the level of 5x 10-8 l\fH z across the frequencies of interest for

laser interferometric detection of gravitational waves.
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Appendix A

Mathematical Derivations of

Formulae

4.1 Sensitivity of the Wheastone Bridge Ternper-

ature Sensor

The temperature sensor for the temperature controller for the gain medium of the

slave laser is shown as Fig 41.

The resistance of the thermistor used in the circuit shown as Fig A1 is related

to temperature by

Rth.,,,: Ro*rp(å) (e'.1)

where Rn, B are constants and 7 is the temperature of the therrmistor in Kelvin

The output voltage of an ideal instrumentation amplifier is the difference of the

voltage of its two inputs times the gain of the instmmentation amplifier. Therefore

the output voltage of the instrumentation amplifier is given by the following equation

vout:(#v"-v.r)Gin"tr. (A'2)

where R .¡ is the resistance of the reference resistor, V" is the supply voltage of

the bridge , Vr"¡ is the reference voltage arrd G¿n"t, is the gain of the instrumentation
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Vs

Rtherm

Vef

Figure 4.1: A schematic of the temperature sensor used in the control system used
to regulate the temperature qf gain medium in the slave laser

amplifier.

Substituting Equation A..1 into Equation 4.2 and taking its derivative with re-

spect to temperature gives

dV^,t -T2BRsErp
B

V"G¿n"t .dr (n"ø"n (å) + R,"¡)

4.2 Ring Laser as a Regenerative Amplifier

This derivation is included to add some details that are not explicitly stated in

Siegman's book[73]. Consider a ring resonator with an external field injected as

shown in Fig 4.2. In the steady state regime the electric field must be maintained

in one round-trip. Hence

Ecirc: jt¡o""tge-iÓ(') p.n I t¿6ssrge-iÔ@) E"¿r" (A.3)

where ú is the electric field transmission coefficient of the output coupler, r is

the electric field reflection coefficient of the output coupler, ú¿or" is the electric field

transmission coefficient of the rest of the cavity ignoring the laser gain medium,g is

the magnitude of the amplitude gain from the gain medium and /(ø) : up/c is the
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Ecirc

Eout

Einc

Gain
Medium

Figure 4.2: A schematic of a ring resonator set-up as a regenerative amplifier.

roundtrip phase shift of the resonator (p is the optical round trip distance of the

resonator).

Equation 4.3 can be rearranged to give the circulating electric field

The output field of the ring resonator can be expressed as

Eout : jt,ar. * r E¿n. : TEi,n. - ffi

(A.4)

(A.6)

(A.7)

(A.5)

If the round trip gain is defined as G'¿(ø) : trossrgê-¡d(ø) then Equation 4.5 can

be re-written as

E-"t
*Gû(u)

I'
r

I - G,¿(u)

where R is the reflectivity of the output coupler

Ein"

(A.8)
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4.3 Mode Matching

In this section the effect of slightly incorrect mode matching of the master laser

mode into the slave laser fundamental mode will be evaluated. This derivation was

done specifically to investigate thc fraction of the po\¡/cr that is couplcd into an

elliptical slave laser fundamental mode when using a circular master mode.

It can be shown[73] that an arbitrary laser field can be expressed as a summation

of Hermite Gaussian polynomials ie

E (r,a, ò : ÐD". Fn,* (r,y, z) (A.e)
n n1,

The values of the constants Cnm are evaluated using the spatial mode overlap

integrals

Lnnt 
-

E (*, A, z) þn,^ (r, y, z) drdy (A.10)

As the ideal slave laser field or the mode of interest in a mode cleaner is a zeroth

order Gaussian. The field that the master laser has to match to can be represented

by

r_Ë

P"(r,a, z) :

Prn(r,a, z)

xErp

(Ð

(
2

1t

xErp

r/2 Erpl- jtþ, (z)l
wr, (z) u", (z)

jk*2 jl*A'
2R," (z) 2R,o Q) .?" (z) ,?, (r)

12 a2

(A.11)

(4.12)

The normalized field of the injected master laser is given by

1/2 Erpl- jtþ," (z)l
wrn (z) wr'n (z)

jk*2 jlrAt
2R"", z) 2R^o þ) .k,þ) ,',.o þ)

n2 a2

As the ma^ster laser beam is circularly symmetric, the waist in the saggital and

tangential planes will be located in the same place. To simplify the mode overlap
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oo

-oo

coo : I I tr*(r,a, z) tt,* (r,y, z) d,rd,y
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integral it will evaluated at the location of the waist of the master laser. Hence for

the calculation R-rr(z): R ra(z): æ

The mode overlap integral for the master la^ser and the zeroth order cavity mode

is

This integral can be evaluated using 'siegman's Lemma'[73]:

(A.13)

(4.14)Erpl-ar2 - zurf a* : l[nrn!
Using this lemma assumes that the fields are infinite in transverse dimension and

does not allow for tmncation of the field by apertures. However in most well designed

laser cavities the apertuing affects only the outer few percent of the fundamental

mode, hence this is a valid approximation.

The form of the fundamental field that is injected into the zeroth order mode of

the slave cavity is

E (r,U, z) : coolf,m(r,A, r)

The fraction of the power (FP) injected into the slave zeroth order field is simply

FP: ll ø @,a, z) E. (n,y, z) drdy
(4.15)

ll p*(r,a, r) tth @,y, z) drdy
coolf,rn(r,y, r) cãot4, (r,y, z) dndg

(4.16)

(A.17)
þ,n (n,A, z) ph (n,y, z) d,ndy

: coocðo

Therefore by substituting the Equations 4.11, 4.12 into the mode overlap inte-

gral Equation 4.13 and substituting the result into Equation 4.15 gives the frac-

tional of power injected into the fundamental mode:
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4FP:
W,," (z) Wn," Q) W," (") W, Q) lf**.-)'*Æ"1

1
X

lræø)'.å"1

^.4 
Sensitivity of Pound-Drever-Hall Error SiS-

nal

This error signal calculation is based on a derivation by Day et al. [16]. in which

the slope of a Pound-Drever-Hall error signal, used to lock a passive reference cavity

to the laser, or visa versa is derived. The difference when this technique is used

for injection-locking, is that the reference cavity significantly amplifies the masters

porù/er.

In Pound-Drever-Hall locking the beam from the master laser is passed through

an electrooptic modulator (EOM) which imposes phase sidebands on the master

Iaser. After the EOM the master laser field may be written as

E^(t) : E^expÏj (rt * Psin (r^t))l
N E*lJo (p) + h @) (ei'^t - "-i'^t)f ei't

The slave laser field can be written as

E"(t): B" exp U @t + d (¿))l

where / (t) is the time varying phase shift of the slave laser or the slave laser

phase noise.

The field at the photodiode is

E (t) : E^(t) + E"(t)
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The intensity of the field detected at the photodiode is

I (t) oc E (t) E. (t)

: E*Eî.+ E"Ei _t Eig"eib@ lJo@) + h(Ø (ei--t _ 
"-i-^t)f *

E*Eie-iÔ(Ð [J0 (Ø + J, (p) (e-i'^t - "+iu^t)l

We are only interested in the time varying terms and hence the first two terms

can be ignored, the remaining intensity term is

I (t) u. EhÛ"eiÔ(t) h @) (ei'*t - "-iu*t¡ * E*Eie-¡ù(t) h (P) ("-i"-t - "*iu^t)

It can be assumed that E*, E" are real, and then the equation immediately above

can be written

I (t) : +t/tJ,.lr(B)sin (r,.t)sin (/ (t))

where ^I" and I^ are the intensities of the slave and master fields at the photo-

diode respectively.

The photecurrent of the photediode circuit is given by

iea(t) : qdAI(t)

where 4¿ is the detector efficiency and ,4. is the area of the photo-detector. If

a fraction of the main beam is 4o of the injection-locked laser is sampled and the

photo-detector has a current to voltage gain of .R the output of the photo-detector

will be given by

u (t) : +nqoqot/p"p*Jt @)sin (ø-t) sin (@ (t))

where P", P* are the pov/er of the slave laser and the master laser respectively.
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When this term is mixed in quadrature with a sample of the EOM driver, the voltage

measured at the IF port of the double balanced mixer will be

o (t) :  &naqoqau^ P"P,nfi (B)sin (r*t) sin (/ (t))cos (r*t)

where T¿u* is the efficiency of the double balanced mixer. The second harmonic

term is removed by passing the signal through a low passs filter, Ieaving

u (t) : -2R taqon¿u^t/P"P^J, (þ)sin (/ (r))

The phase shift / (ú) is given as Equation 3.10

: 4Rqonoq¿u*.,Æ,tr(B) sin (ó(t)) 
l-å 

. |*"er*t)f

þ (t) : Arc sin

Hence within the locking range

u (t) : -2Rq¿npn¿^JP,P*h@)

Or
Au (t) _ -2&n¿npq*\Eñ,Jt @)
La (t) u)tock

4.5 Sensitivity of the AOM beatnote experiment

The master field after the AOM can be written as

E^(t) : E^Explj(r^t + ó^(t) * uoo t)l

where ó," (t) is the phase noise of the master and uoo t is the frequency shift

due to the AOM.

The injection-locked laser field can be written as
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Eo¡ (t) : E¿¡ExpA(a*t * óil (t)))

where óu (t) is the phase noise of the injectionJocked laser. Note the time aver-

aged frequency of an injection-locked laser and its master laser are the same, hence

the time averaged frequency of the injectionlocked laser is ø-ú

The total field at the photodiode is

E (t) : E*(t) + Et¡ (t)

The intensity of the field detected at the photo diode is given by

1(t) a E (t) E. (t) (A.18)

Substituting the expressions for the master and slave fields into Equation 4.18

gives

I (t) : I^ -f Iu + 2\/I^Ittcosfao,nt + Ad (¿)] (A.1e)

where I^,Iu are intensity of the master and slave fi.elds respectively, A/ :

ó," (t) - óu (t) is the phase difference between the injection-locked laser and master

fields. The photo-diode produces a photo-current proportional to the intensity inci-

dent upon it. Thus the detected beat signal will generate a voltage at the output of

the photo-diode given by

V (t) : rteaî¡2 P¿*P¿¿¿cosluo-nt + AÓ (ú)] (4.20)

where 13¡ is the transimpedance gain of the photo-detector, Tp¿ is the quantum

efficiency of the photodiode and P¿^, Pa¿t are the dc detected powers of the frequency-

shifted master and the injectionJocked lasers respectively.

The above analysis ansumes perfect spatial wavefront overlap between the de-

tected master and slave fields. In practice this will not be the case. A wavefront

mis-match will manifest itself as a reduction of the magnitude of the detected beat
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signal. A time dependent wavefront mis-match will result in additional time varia-

tion of the size and phase of the beat signal. It is highly likely that this is responsible

for the degraded noise floor of the measurement at low frequencies. To take this

into account a mode overlap efficiency factor qrno is required in Equation 4.20.

If the beat signal is mixed in quadrature with a sample of the AOM drive the

resulting voltage at the IF port is given by

V (t) : rlpd,T^oT¿arnRÍ Pa^P¿usinAl (t) (A.21)

where T¿u^ is the double balanced mixer efficiency term. This assumes that

second harmonic term has been removed.

For phase small fluctuations Equation 4.21 can be linearized to the following

V (t) : \ndTmorlau,nB¡ Pd*PditLó (t)

As the beat signal and the reference signal are mixed in quadrature the mea-

surement is relatively insensitive to intensity noise.
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Circuit Diagrams

8.1 Pre-Amp for Temperature Control of the Slab

A circuit diagram for the thermal pre-amp is shown as Fig B.l.This circuit consists

of a proportional stage, integration stage (for increased low frequency gain) and a

differentiation stage (for good higher frequency performance and transient response)

in parallel. The Op-Amp on the extreme right is the summing stage.

8.2 Power Atrtp in the temperature controller of

the slab

A schematic of the power-amp used to drive the Peltier cell is shown as Fig B.2

8.3 Pre-Arnp for the Flequency Servo for the Slave

Laser

A circuit diagram for the pre-amp that was used in the frequency contol servo for

the slave laser is shown as Fig 8.3. The lock position may be tr¡ned by adding a

DC voltage to the error signal offset null point. The high voltage amplifrer is only

capable of delivering positive voltages. Therefore a voltage must be applied to the

high voltage set point so that the zero point occurs in the middle of the dynamic
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Figure 8.1: Preamp for the temperature controller of the slab. All values of resistors
are in ohms.
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Figure 8.2: Power amplifier used to drive the Peltier cell in the slab temperature
controller
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Figure 8.3: PreAmp for the frequency control servo of the slave laser
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Vs

Photo
Diode

+

Figure 8.4: A photo-detector in transimpedance configuration.

range of the high voltage amplifier.

8.4 Tþansimpedance Photo-diode Circuit

A typical circuit diagram for a photo-detector using a photo-diode coupled to a

transimpedance amplifier is shown as Fig B.4. The transimedance configuration

allows high sensitivity and bandwidth, generally limited by the properties of the

op-amp used. For maximum sensitivity,. the Op-Amp should be chosen such that

noise is limited by the Johnson noise of the feedback resistor.

8.5 Intensity Noise Suppression Pre-A*p

The intensity noise suppression preamp circuit diagram is shown as Fig 8.5
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Figure 8.5: PreAmp circuit diagram for the intensity noise reduction servo.
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Publications

Main Publication

o D. J. Ottaway, P. J. Veitch, M. W. Hamilton, C. Hollitt, D. Mudge, and J.

Munch "A Compact Injection-Locked Nd:YAG Laser for Gravitational Wave

Detection"

IEEE Journal of Quantum Electronics, Vol 34, No 10 October 1998

This is reproduced on the following pages

Other Publications assosciated with this \Mork

. Published Papers

o D. Mudge, P.J Veitch, J. Munch, D.J. Ottaway and M.W. Hamilton " High-

power diode-laser-pumped CW solid-state lasers using stable-unstable res-

onators" IEEE Select. Topics Quantum Electron., Vol 3, 1997 pp19-26

o P. J. Veitch, J. Munch, M.\M. Hamilton, D.J. Ottawây, A. Greentree and A.

Tikhomirov "High Power Lasers and Novel Optics for Laser Interferometric

Gravitational Wave Detectors" Aust. J. Phys, Vol 48, 1995, pp 999-1006

Conference Presentations

o D. Ottaway, P.Veitch, M.\M. Hamilton, J. Munch, C. Hollitt and D. Mudge

"Compact and efficient Nd:YAG laser for field based vibrometry" Verbal pre-

sentation at the Defence Science and Tech¡ology Organisation (DSTO) Electro-

Optics (EO) Hub meeting August 1998
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o D. Ottaway, D. Mudge, M.W. Hamilton, J. Munch and P. Veitch "Stable,

High Power Nd:YAG Laser for Gravitational 'Wave Interferometers" IQEC

1996 OraI presentation FE7

o D. Mudge, P..I. Veitch, J. Mrrnch, D.Ottaway, M,W, Hamilton ancl P Klovekorn

"A high power, cw Nd:YAG laser for high precision interferometry" 13th Na-

tional Congress of the Australian Institute of Physics 1998 Oral presentation

o D. J. Ottawa¡ P.J. Veitch, M.W.Hamilton, J. Munch, C. Hollit and D. Mudge

"A low noise, medium power Nd:YAG laser" 13th National Congress of the

Australian Institute of Physics 1998 Oral presentation

o D.J. Ottaway, P.J. Veitch, M.W. Hamilton, J. Munch, C. Hollit and D. Mudge

"Compact, Efficient, Nd:YAG Laser Sources for Gravitational Wave Interfer-

ometry" 1997 AOS XlConference poster presentation \MPl

o D. Mudge, P.J. Veitch, J. Munch, D.Ottaway and M.W. Hamilton "High-

por'¡/er diode-laser-pumped CW Nd:YAG lasers using Stable-Unstable Res-

onator" 1997 AOS XlConference poster presentation WP3

o J. Munch, P.J. Veitch, M.W. Hamilton, D.J. Ottaway, A. Greentree and A.

Tikhomirov "A medium power, CW, frequency stable Nd:YAG lasers" AOS X

July 1995 Proceedings book of Abstacts (ed) P3
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