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Abstract

Mitigating climate change and its detrimental impact to the Earth is a critical issue

facing modern science. To reduce greenhouse gas emissions there is growing pressure

to transition from coal-based energy sources to cleaner alternatives. Natural gas is

considered the fossil fuel of choice to facilitate this transition and maintain energy pro-

duction. However, natural gas predominantly consists of methane (CH4) - a greenhouse

gas with a global warming potential 25 times greater than carbon dioxide (CO2). If

the total methane emissions throughout the production, storage and transport exceeds

3% the benefits of natural gas from a global warming perspective are nullified.

Thus, there are financial and environmental incentives to minimise fugitive leaks

across the global network of natural gas pipelines. Methane sensors mounted in aircraft

provide a means of wide-area scanning with a high spatial resolution and sensitivity

for leak detection and repair. Current airborne systems use high complexity sensors

and prohibitively long average times: increasing the operating costs and reducing the

spatial resolution. There is thus a commercial need for a compact sensor with a high

single-shot measurement sensitivity for airborne methane detection.

In this thesis I describe the development of an Integrated Path Differential Ab-

sorption (IPDA) LIDAR system optimised for methane sensing from a fixed-wing light

aircraft. A new dual-pulsed Q-switched Er:YAG laser source capable of producing

injection-seeded pulses at the ‘online’ and ‘offline’ methane absorption wavelengths is

developed. It uses a novel adaptation of the Pound-Drever-Hall (PDH) frequency sta-

bilisation technique to simultaneously ‘lock’ two low-power diode lasers to a Q-switched

Er:YAG resonator for reliable injection-seeding. The high control bandwidth of this

system will enable stable wavelength control in a high-vibration aircraft. The online

and offline pulses have a temporal separation of 2.3 µs, which to our knowledge is the

smallest reported in any dual-wavelength Q-switched laser, thus maximising system

commonality and reducing potential sources of error.

I also present the design and construction of custom low-noise, high-bandwidth

photodetectors for measuring the return LIDAR signal. These are used in conjunction

with a commercial telescope to demonstrate a ground-based measurement of methane

through a 300 m atmospheric column above Adelaide, Australia. The concentration was

measured to be 1.979 ± 0.003 ppm with a single-shot sensitivity of 0.124 ppm. To our
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knowledge the sensitivity reported in this thesis is the highest achieved by a methane

IPDA LIDAR system.
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Chapter 1

Introduction

Global average temperatures have risen by 1.25◦C over the past century and the key

contributor to this is the increase in atmospheric greenhouse gases and the associated

increase in radiative forcing [1]. Methane (CH4) is an important greenhouse gas because

although its concentration in the atmosphere is small in comparison to carbon dioxide

(CO2) its potency as a greenhouse gas is twenty-five times higher [2]. Despite this, its

relatively short atmospheric lifetime of ten years [3] means that reducing anthropogenic

methane emissions may reduce some short term climate change effects.

Estimates of the atmospheric methane levels published by MacFarling et al. [4]

show a significant increase in methane levels starting at the turn of the 19th century.

This observation is consistent with global methane level mapping conducted by the

National Oceanic and Atmospheric Administration (NOAA) [5] and the analysis by

Petit et al [6].
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Figure 1.1: Analysis of atmospheric methane levels from air bubbles trapped in ice, the
shaded grey area shows the range of methane levels from 2,000 to 400,000 years
before the present (from Petit et al. [6]).
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If greenhouse gas concentrations continue to increase there will be broad implica-

tions for the human race including detrimental effects to human health [7], a reduction

of global crop production [8] and a reduced habitability of coastal regions [9] which

are populated by approximately 20% of the global population [10]. Hence, there is

growing pressure to phase-out coal-based electricity generation and transition to low-

greenhouse-gas alternatives whilst maintaining energy production.

Natural gas is considered the fossil fuel of choice for many Western countries as they

transition to renewable sources [11–13], primarily because it has a lower carbon foot-

print compared to coal or oil [14]. However, according to a recent study by Alvarez et

al., if the total methane emissions throughout the production and distribution process

is greater than 3.2% the benefits of natural gas are nullified [15]. Howarth et al. [16]

found that the natural gas system in the United States has a 20-50% greater carbon

footprint in comparison to coal, due to significant leaks in the storage, transport and

distribution networks.

Thus there is direct need for a method to monitor fugitive methane emissions in the

transmission and storage of natural gas with a high spatial resolution and sensitivity.

We propose to develop a methane sensor capable of mitigating both the environmental

and financial impacts of anthropogenic methane leaks by rapidly mapping the thou-

sands of kilometres of gas pipelines distributed worldwide.

Figure 1.2: A map of both the intrastate and interstate natural gas supply network in the
United States as of 2013 [17].
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1.1. METHANE ABSORPTION SPECTRA

1.1 Methane Absorption Spectra

Local methane sensing has been receiving increasing attention in both industry and

academia, with studies establishing a range of techniques including those based upon

semiconductors [18], carbon nanotubes [19] and acoustic methods [20]. In comparison,

methane sensing using optical techniques have the potential for high-sensitivity long-

range measurements [21]. There exists a range of optical sensing techniques, discussed

in further detail in Section 1.2, all of which exploit the spectroscopic properties of the

trace gas. In the design of these systems it is critical to know the dominant absorption

lines of the target gas and other atmospheric constituents.

Many of the fundamental absorption lines of methane are centred around 3.3 µm as

illustrated in Figure 1.3. The high Optical Density (OD) of methane in this wavelength

band makes it suitable for passive imaging techniques as there is a high contrast in

comparison to the background. However, for active techniques which rely on measuring

the absolute absorption, operating in this region will lead to very weak return signals;

reducing the overall system sensitivity. Furthermore, unless the system is capable of

spectral scanning, the high absorption of other atmospheric constituents within this

band limits the ability to differentiate between absorption lines.
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Figure 1.3: Dominant absorption lines of atmospheric constituents in the mid-infrared calcu-
lated via the HITRAN 2012 database through a 1 km path.

Other weaker absorption lines of methane are centred around the 1.6 µm wavelength

band as illustrated in Figure 1.4. The reduced OD in this region makes it more suitable

for long-range active measurement techniques. Furthermore, this wavelength band is

sparsely populated by other absorption features, allowing easier differentiation between

methane and other trace gases.
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Figure 1.4: Dominant absorption lines of atmospheric constituents in the near-infrared cal-
culated via the HITRAN 2012 database through a 1 km path.

1.2 Optical Sensing of Methane

There are a variety of methane measurement platforms that span a range of spatial

and temporal scales; from the large scale monitoring of global methane levels to instan-

taneous small scale measurements at a local source. These techniques all have various

limitations, and as such, are often used in complement with one another to build a

complete description of methane emissions. In this section, three separate sensing

platforms are reviewed and the limitations of each are discussed.

1.2.1 Ground Based Sensors

A number of methods, including both dynamic and static flux chamber techniques,

have been used to quantify methane emission rates from a known source [22–24]. These

require a tracer gas to be injected near the leak source, where an array of chambers

downwind measure both the tracer gas and methane at distances of up to 100 m away

[25]. For accurate estimates of emission rates adjacent chambers must be spaced less

than 7 m apart [26], which when combined with the low sampling rate, means that a

measurement of a single source can take upwards of two days [27].

To complement this technique research groups are assessing mobile techniques to

measure emissions from off-site locations using spectroscopic technologies such as Cav-

ity Ring-Down Spectroscopy (CRDS) [28, 29] and Fourier-Transform Infrared spec-

troscopy (FTIR) [30, 31]. These techniques allow broader area mapping, however,

measurement accuracy is limited by the local wind conditions [32] and occasionally

vehicle emissions [33].
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1.2. OPTICAL SENSING OF METHANE

In recent years, the improvement of commercially available analytical instruments

has enabled a new range of measurement techniques including vertical radial plume

mapping [34], inverse plume modelling [35] and Optical Gas Imaging (OGI) [36]. Re-

cently the United States Environmental Protection Agency (EPA) has required the

use of OGI to monitor methane leaks in the oil and gas industry [37]. This passive

technique uses high cost hyperspectral cameras (≈$100k USD [38]) to image a narrow

spectral region in the mid-infrared where methane heavily attenuates the solar back-

ground light. Simulations have shown this technique has a detection rate of 90% at a

distance of only ten metres and under ideal atmospheric conditions has a sensitivity of

only 10,000 ppm [39].

Commonly this technology is used to complement off-site mobile techniques to

help pinpoint the emission source [40]. An active adaptation of this technology is the

backscatter absorption technique [41, 42] which uses an infrared laser to illuminate

plumes before imaging, improving both the sensitivity and range. These direct onsite

measurement techniques are rarely used more than monthly as it is resource intensive

to train and send staff to widely distributed sites [43].

1.2.2 Satellite Based Sensors

A significant limitation in the current models of methane sinks and sources is the im-

precise global map of atmospheric CH4. Ground based technologies are insufficient as

the network is too coarse for adequate mapping [44]. To overcome these shortcomings

satellite based measurements are used as they allow global coverage with multiple mea-

surements per instrument. Both the Scanning Imaging Absorption Spectrometer for

Atmospheric Chartography (SCIAMACHY) [45] and the Greenhouse Gases Observing

Satellite (GOSAT) [46] implement a passive measurement technique that monitors the

spectra of sunlight backscattered from the surface of the Earth to look for methane sig-

natures. However, these instruments cannot measure in high-latitude regions or during

the night [47] and suffer from low sensitivity in the lower troposphere [48].

The nadir-viewing Atmospheric Infrared Sounder (AIRS) [49] and the limb-scanning

Microwave Limb Sounder [50] have been providing vertically-resolved methane concen-

trations by implementing microwave limb sounding. This microwave radiometry tech-

nique remotely measures methane and other atmospheric constituents by observing

gigahertz thermal emission as the instrument field-of-view is scanned [51]. However,

these systems require significant calibration to remove instrument effects [52] and are

commonly limited by thermally induced errors in the antenna [53,54].

Moving forward, the Methane Remote Sensing LIDAR Mission (MERLIN) is look-

ing to overcome many of these limitations by implementing the Integrated Path Dif-

ferential Absorption LIDAR (IPDA) technique [55,56]. Set to launch in 2021, this will
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allow continuous mapping of global methane levels with a target sensitivity of 8 ppb.

However, with a low horizontal resolution of 50 km it is unable to pinpoint sources of

spurious methane leaks.

1.2.3 Aircraft Based Sensors

Aircraft based systems offer a compromise between the high spatial accuracy achievable

by ground monitoring and the large area coverage of satellite sensors. A study by Kemp

et al. [57] found that airborne sensors are the most cost-effective platform for Leak

Detection and Repair (LDAR) in the natural gas sector. This study also showed that

in principal a low-cost LDAR program can rely on highly sophisticated and expensive

technology as long as rapid large area coverage is available. Commercially available

airborne sensors appear to follow this logic, with many based on the high-cost OGI

technique or highly-complex IPDA technique. A comparison of these airborne methane

sensor systems is given in Table 1.1.

Type Altitude (m) Sensitivity (ppb) Avg. Time (s) Ref.

OGI 1,000 440 - [58]
OGI 4,000 90 - [59]
OGI 50 100 - [60]
OGI 1,000 400 - [61, 62]
FTIR 65 1,000 60 [63]
IPDA 10,000 21.4 1 [64–66]
IPDA 2,000 14 10 [67–69]
IPDA 800 62.5 - [70]

Table 1.1: Comparison of airborne methane sensors.

Many of the commercially available sensors such as the Mako [58], AVIRIS [59],

HyperCam Methane [60] and HyTES [61, 62] systems use a form of OGI known as

hyperspectral imaging to resolve methane plumes. A hyperspectral camera acquires

spectrally resolved images of gas plumes, allowing differentiation between methane

and other hydrocarbons in the 0.5-15 µm wavelength band [71]. Despite the obvious

advantages of broad spectral monitoring, these passive instruments struggle to resolve

weak gas plumes as the image contrast is dependent on the ground composition and

significant signal processing is often required to correct for natural variances in the

landscape [72].

The BOREAL Gasfinder [63] is a low-cost, low-footprint alternative platform ca-

pable of mounting underneath a helicopter. A measurement cell mounted underneath

the aircraft is probed by a low-power laser diode giving real-time FTIR spectroscopy

measurements of methane plumes. Unlike the hyperspectral cameras, this technique is

not sensitive to the ground conditions. However, it is only capable of measuring the
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1.3. LIGHT DETECTION AND RANGING (LIDAR)

gas concentration at the aircraft altitude, which when combined with a low-sampling

rate, means that it is often difficult to pinpoint the source of the leak.

Riris et al. [64–66] and Amediek et al. [67–69] have both reported airborne sys-

tems which implement the IPDA technique. Both systems use Optical Parametric

Generation (OPG) to generate wavelengths capable of probing the 1.6 µm absorption

lines; increasing the footprint, complexity and energy requirements. Furthermore, the

spatial resolution of these systems is limited by the prohibitively long average times

required. Ball Aerospace [70] reported an airborne IPDA sensor which uses an erbium

doped yttrium aluminium garnet (Er:YAG) laser to directly lase at a 1.6 µm absorption

line. Whilst direct lasing will reduce both system complexity and energy requirements,

these advantages are yet to be fully realised as a second time synchronised Er:YAG

laser source is required. The details of such systems are discussed in Section 1.4.

Active methane sensing using the IPDA technique is regarded as a promising can-

didate to overcome the shortcomings of passive techniques [73]. However, due to limi-

tations in the laser systems these advantages have not yet been realised in an airborne

system.

1.3 Light Detection and Ranging (LIDAR)

LIDAR is a remote sensing technique that measures the distance to a target by probing

the target with a pulsed laser. Since this method was first demonstrated in 1963 by

the National Centre for Atmospheric Research [74] it has become a common technique

for mapping large areas in 3D space [75]. Extending this concept further, the presence

of a trace gas can be measured by tuning the laser wavelength to a suitable absorption

line and monitoring the decrease in the return laser energy. The wavelength of the

laser must be carefully chosen to ensure it does not coincide with absorption lines of

other atmospheric constituents.

There are two common LIDAR configurations used in gas sensing: monostatic

LIDAR where the laser and detector are co-located and single-pass bistatic LIDAR

where the laser and detector are spatially separated [76]. By co-locating all components

monostatic systems are a comparatively portable system, allowing broad area-mapping

by mounting onto a mobile platform such as a car or aircraft. The return signals

measured in these systems are due to reflection by a distant hard-target such as the

ground or alternatively from aerosol backscatter. The measurement sensitivity of these

systems is ultimately limited by the inability to distinguish between changes in return

pulse energy due to a varied concentration of the trace gas from natural variations in

the landscape. Single-pass bistatic systems, by contrast, do not rely on a reflection of

a pulse but are not portable.

By spatially separating the laser and receiver the bistatic system overcomes this

7
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limitation, as in theory, the only fluctuation in measured laser energy should be due to

changes in gas concentration. However, these systems lack the portability of monostatic

systems, limiting their usefulness in the broad-area mapping of methane leaks.

1.3.1 Differential Absorption LIDAR (DIAL)

Differential Absorption LIDAR (DIAL) is commonly used to overcome the limitations

of single-wavelength LIDAR [77–79]. A DIAL system requires a laser source that emits

at two different wavelengths: one tuned to an absorption line of the target gas (the

‘online’ wavelength λon), the other tuned off of this absorption feature (the ‘offline’

wavelength λoff). In the presence of the gas the atmospheric backscattered pulses

at λon and λoff will have different energies, allowing the concentration of the trace

gas to be calculated. This technique has been used to successfully measure carbon

dioxide [80–86], water [87–91], nitrous oxide [92–95] and methane [96–98].

The advantage of this technique is that it is self-calibrating [99] as the online and

offline pulses have common optics and paths, removing all instrumental and environ-

mental constants [100]. Care must be taken when selecting the wavelengths to ensure

they avoid the absorption of other atmospheric constituents [101,102], minimise errors

due to the temperature dependence of absorption lines [103,104] and coincide with an

online OD that is neither too high nor too low [105].

The IPDA LIDAR technique, represented in Figure 1.5, is an adaptation of DIAL

which uses surface reflection to determine the column-averaged gas concentration.
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Figure 1.5: Schematic of an airborne IPDA LIDAR system; a source at altitude hg emits two
laser pulses tuned on and off of a gas absorption line separated by δtoff.
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By reflecting from a hard-target the return signal is larger than that obtained

by aerosol backscatter, allowing higher measurement sensitivity [106]. In addition to

wavelength selectivity, the IPDA laser source must be capable of producing high-energy

pulses to maximise the return energy, minimising the temporal separation of the pulses

δtoff to ensure maximum overlap of the on- and off-line footprints [107] and operating

at a high Pulse Repetition Frequency (PRF) to improve the spatial resolution.

1.4 Published Laser Systems

Light sources used for methane LIDAR are compared in Table 1.2.

Type Ep ∆tp δtoff PRF λon Ref.

OPG 60 µJ 3 ns 160 µs 6.3 kHz 1651 nm [64–66]
OPG 10 mJ 20 ns 500 µs 50 Hz 1645 nm [67–69]
OPG 220 µJ 60 ns - 5 kHz 1651 nm [96]
OPG 30 mJ 12 ns - 10 Hz 3300 nm [97]
Raman 3 mJ - 4 s 10 Hz 1666 nm [98]
Raman 30 mW CW 1650 nm [108]
Diode 10 mW CW 1650 nm [109]
Er:YAG (x2) 800 µJ - 600 ns 10 kHz 1645 nm [70]
Er:YAG 2 mJ 100 ns 250 µs 2 kHz 1645 nm [110,111]

Table 1.2: Comparison of laser sources used in methane DIAL where Ep is the pulse energy
and ∆tp is the pulse width.

The most common technique is to use OPG to frequency down-convert light from

a neodymium-doped yttrium aluminium garnet (Nd:YAG) laser. This adds significant

complexity and results in large pulse separation, thus reducing the overlap between

the online and offline footprints. Amediek et al. [67–69] reported systematic errors

depending on the arrival sequence of the online and offline pulses. These findings are

attributed to geometric differences between these pulses, further exacerbating the poor

common-mode rejection of noise.

Ikuta [98] Raman shifted a Ti:Sapphire laser to produce light at 1666 nm. While

this provides a compact light source, the sensitivity of this system is severely limited

by the long separation of the online and offline pulses.

CW lasers for methane detection have also been reported, but these lasers are

unsuitable for long-range LIDAR. Vujkovic-Cvijin et al. [108] achieved CW lasing at

1650 nm by amplifying a diode laser with a Raman fibre amplifier. Alternatively, CW

lasing can be achieved by using laser diodes as reported by Iseki et al. [109], however

the low-power of CW systems significantly limits their operating range.

As proposed over forty years ago by White and Schleusener [112], direct lasing at

the methane absorption line of 1645.55 nm can be achieved using Er:YAG sources. Ball
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Aerospace [70] use two Er:YAG lasers that are wavelength stabilised using tempera-

ture controlled Volume Bragg Gratings (VBG) to produce light at the online and offline

wavelengths of 1645.55 nm and 1645.40 nm respectively. High-speed digital electron-

ics are used to synchronise the pulse arrival, resulting in a temporal offset of 600 ns.

Whilst in principle this should ensure high common-mode rejection, differences be-

tween the mode shape and beam alignment of the two sources may ultimately limit

system sensitivity. Furthermore, by using two sources the potential improvements in

system complexity, footprint and energy requirements achievable by direct lasing are

not realised.

Fibertek Inc. [110, 111] attempted to overcome these limitations by using a single

Er:YAG laser to produce both the online and offline pulses. Injection-seeding technique

is used to achieve wavelength control. While this technique enables lasing near methane

line-centre at 1645.52 nm, the temporal offset is limited to 250 µs by the control systems

required to ensure reliable injection-seeding, severely limiting the potential sensitivity

of an airborne IPDA system.

1.5 Thesis Outline

This thesis reports the development of a IPDA LIDAR system for sensing anthro-

pogenic methane sources with a high sensitivity and spatial resolution. It includes the

development of a dual-pulsed, Q-switched Er:YAG laser that can be reliably injection-

seeded to produce pulses tuned onto and off the methane absorption line plotted in

Figure 1.6. This compact laser source overcomes the limitations of other methane DIAL

transmitters, enabling it to be mounted in a light aircraft for broad-area mapping at a

low altitude.
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Figure 1.6: Dominant absorption lines of methane and other atmospheric constituents near
the Er:YAG emission line calculated via the HITRAN 2012 database for an aerial
observer at an altitude of 1 km.
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We use a single Q-switched Er:YAG laser to generate high energy (1 mJ) short

duration (100 ns) pulses. Wavelength tuning is achieved using the injection-seeding

technique with a high-bandwidth control system to ensure reliable injection-seeding for

operation in a high-vibration aircraft. The online wavelength will be tuned onto the

1645.55 nm absorption line and to avoid nearby absorption lines the offline wavelength

will be between 1645.30 and 1645.40 nm.

We will use a novel throttled Q-switch technique to produce two pulses from a single

pump interval with a separation of 2 µs. This small separation maximises the spatial

overlap of these pulses, which reduces error caused by variations in the scattering

surface.

We implement a receiver that provides a high single-shot sensitivity, mitigating

the need for averaging and hence improving the spatial resolution. For this thesis,

we use a commercial telescope capable of imaging the pulse footprint at the ground

to a photodetector. This photodetector must have a large active diameter (>1 mm),

high-bandwidth (>10 MHz), high-gain (>10,000) and low-noise.

Directly generating both pulses from a single Er:YAG laser increases system effi-

ciency and reduces complexity in comparison to OPG sources. The reduced weight and

volume of our system facilitates mounting in a small aircraft, thus reducing the oper-

ating costs while still offering an improved measurement sensitivity. This would offer

increased incentives for natural gas providers to routinely inspect their infrastructure,

reducing global methane emissions and improving profits.

In Chapter 2 the injection-seeded Er:YAG slave laser is characterised, and issues

with the injection-seeding performance of this system are discussed. In Chapter 3 we

introduce a numerical model capable of predicting, and thus enabling us to overcome,

the limitations of the injection-seeded Er:YAG slave laser. Chapter 4 describes the

control systems used to ensure reliable injection-seeding of two pulses at the methane

online and offline wavelengths with a temporal separation of 2.3 µs. Finally, in Chapter

5, I describe the design and construction of a low-noise LIDAR detection system op-

timised for long-range methane sensing. I demonstrate that this system can measure

the background concentration of methane through a 300 m atmospheric column with

a world-leading measurement sensitivity.
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Chapter 2

A Q-Switched Er:YAG Laser for

Remote Methane Sensing

2.1 Introduction

For airborne methane DIAL we require a laser capable of producing pulses with an

energy of 1 mJ and width of 100 ns at a Pulse Repetition Frequency (PRF) of 1 kHz.

The laser must also be capable of producing two pulses with a small temporal sep-

aration and wavelength tunability around a methane absorption line. To meet these

specifications a free-space Q-switched Er:YAG laser was constructed by Myles Clark

of the University of Adelaide in a PhD project that preceded the research presented in

this thesis.

This laser is capable of producing Q-switched pulses at the erbium line-centre wave-

length of λ = 1645.15 nm which met the pulse-energy and pulse-width requirements.

Myles investigated the feasibility of a technique known as injection-seeding to tune the

wavelength onto the nearby methane absorption line of λ = 1645.55 nm. This technique

allows the control of the spectral properties of a high-power ‘slave’ laser by injection

of a low-power ‘master’ laser. Despite extensive research and development reliable

injection-seeding of every pulse in a train was not realised during his candidature.

Building upon the foundations laid by Myles Clark my preliminary research fo-

cused on understanding and overcoming the limitations of the injection-seeded slave

laser. In this chapter I present a complete description and characterisation of the laser

system and highlight the unreliable injection-seeding performance. All measurements

presented in this chapter, unless explicitly stated otherwise, were undertaken by myself.

A description and characterisation of the slave laser is given in Section 2.2. In

Section 2.3 we describe the injection-seeding technique and the optics used to efficiently

couple the master laser light into the slave laser resonator. The pulse properties used

as a metric for the quality of injection-seeding are also discussed. A characterisation
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of the master lasers used in this project is given in Section 2.4. The electronics used to

produce two Q-switched pulses with a small temporal separation is described in Section

2.5. This chapter concludes with an analysis of the poor injection-seeding performance

of the Er:YAG laser in Section 2.6. A solution to the injection-seeding limitations is

outlined in Chapter 3.

2.2 The Slave Laser

A diagram of the ring-resonator designed and constructed by Myles Clark is shown

in Figure 2.1. Our research group have used the ring-resonator geometry to produce

injection-seeded Q-switched pulses from an Nd:YAG laser [113–115]. This will be

crucial for tuning the laser wavelength onto a methane absorption line.

1470nm
Diode

Lens
Duct

Er:YAG
Slab

PBS

TFP

Pockels
Cell

HWP

HR & PZT

fsph

fcyl

Forward
Output

Reverse
Output

Figure 2.1: A schematic of the Q-switched laser ring resonator highlighting key components
including the Thin-Film Polariser (TFP), Polarising Beam Splitter (PBS), Half-
Wave Plate (HWP) and a High-Reflectivity (HR) mirror mounted on a Piezo-
electric Transducer (PZT). Note the lenses have focal lengths of fsph = 100 mm
and fcyl = −200 mm.

To achieve lasing near the methane absorption line λ = 1645.55 nm we use Er:YAG

as a gain medium. This consists of yttrium aluminium garnet (YAG, Y3Al5O12) in

which some of the trivalent aluminium ions are replaced with the laser active erbium

ions (Er3+). The high thermal conductivity of YAG offers improved cooling and allows

scaling to high average power operation.

The Er:YAG crystal uses the Co-Planar Folded Zig-Zag Slab (CPFS) geometry

end-pumped with a 1470 nm diode bar. The CPFS geometry is described in Section

2.2.1 and the end-pumping scheme is described in Section 2.2.2. Q-switched pulses are

generated using a Rubidium Titanyl Phosphate (RTP) Pockels Cell (PC) as described

in Section 2.2.3. A characterisation of the Q-switched lasing performance is given in

Section 2.2.4. A mathematical analysis of the fundamental laser mode is described in

Appendix B.
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2.2. THE SLAVE LASER

2.2.1 The CPFS Gain Medium

The slave laser uses the CPFS geometry pioneered by Richards and McInnes [116] for

side-pumped Nd:YAG lasers. The entrance and exit faces are cut at Brewster angle to

minimise loss, thus ensuring the light is π-polarised within the gain medium. The laser

mode propagates along the slab via Total-Internal Reflection (TIR), thus removing the

need for optical coatings. This zig-zag path increases the overlap of the laser mode

with the pumped region, facilitating an efficient lasing performance [117].

The dimensions of the CPFS gain medium used in the slave laser is shown in Figure

2.2. To increase the pump absorption through the short slab length of 35.6 mm the YAG

crystal is doped with 0.5% erbium ions. This higher concentration will increase the

detrimental energy-transfer upconversion effect, discussed in further detail in Chapter

3, but will ensure sufficient pump absorption for high-average power lasing. The narrow

slab width increases the pump intensity and hence the available gain. In this geometry

the laser mode completes 16 TIR bounces per-side and one on the back face for a total

of 33 TIR bounces.

34.00 mm

4
m
m

35.60 mm2
m
m

Figure 2.2: Scale diagram of the CPFS geometry used in the slave laser.

To extract excess heat from the slab it is conductively cooled by mounting between

two copper blocks. Internal water channels are machined into both blocks to allow

cooling with an external water cooler. Layers of indium are positioned between the

slab and the copper to minimise stress and facilitate efficient heat transfer. The water

chiller was operated at a temperature of 16◦C to collapse the degenerate energy levels

within the ground state manifold and increase the available gain [118]. Reducing the

water temperature further will cause condensation to form on the crystal once it reaches

the ‘dew-point’. Er:YAG laser systems have been presented in literature that operate

at cryogenic temperatures [119, 120] to increase the Stokes efficiency and minimise

thermal stress. However, the increased complexity and size of these cryogenic systems

limit their applicability in airborne operation.
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2.2.2 Pump Source

In Er:YAG ions can be excited from the ground-state to the upper lasing level via

‘resonant pumping’ at either 1470 or 1532 nm. Direct excitation to the upper lasing

level ensures a high quantum efficiency, minimising both thermally induced lensing and

birefringence to facilitate efficient operation at a range of output power levels [121].

The absorption cross-section (σabs) of Er:YAG within this wavelength band is plotted

in Figure 2.3.
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Figure 2.3: Absorption spectrum of Er:YAG at 300 K from Kudryashov et al. [122].

Two approaches, differing by the choice of pump-source, are commonly used to

pump these absorption lines. The first is using Indium Gallium Arsenide Phosphide (In-

GaAsP) diode lasers operating at either 1470 or 1532 nm [123,124]. By using compact

laser diodes this approach has the attraction of simplicity, but is complicated by the

low-brightness and broad-emission (≈ 10 nm) of commercially available sources [125].

Thus imposing constraints on the crystal geometry, dopant levels and resonator design

to maximise absorption and mode-matching in an end-pumped configuration. To ef-

ficiently pump the narrow 1532 nm absorption line, the laser diode must be stabilised

by a volume Bragg grating [126].

Advancements in erbium-doped fiber lasers (EDFLs) have enabled the second ap-

proach, referred to as the hybrid fiber-bulk laser scheme, whereby a Er,Yb fiber laser

operating at 1532 nm is used as the pump source [127–129]. The added complexity of

this approach is offset by the advantages of these narrow-linewidth, high beam-quality

sources which can access the narrow absorption line at 1532 nm. Thus simplifying the

constraints on the resonator design and facilitating the potential for power scaling.

For compactness we employ the former approach; pumping with a 20 W 1470 nm

diode (M3N-1470.20-20C) manufactured by DILAS Diodenlaser. The output is emitted
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from a 10mm long horizontal bar consisting of 19 Indium Gallium Arsenide (InGaAs)

emitters with a spectral width <12 nm. The vertical fast-axis is collimated using a

microlens design to reduce the divergence to <8 mRad whilst the horizontal slow-axis

has a divergence < 8◦. The slow-axis is coupled into the slab using a lens-duct, this

simple component overcomes the challenges of transforming a highly divergent pump

source into a low-area for efficient end-pumping. In comparison to other pump-coupling

options this is both cheap and easy to align whilst ensuring a homogenised output [130].

To remove excess heat from the diode it is mounted to a water cooled copper block.

The temperature of the diode, and hence its emission wavelength, can be tuned by

changing the water temperature. To facilitate heat transfer and minimise stress a

layer of indium is placed between the copper block and the diode. The optical Power

Spectral Density (PSD) was measured using a HP70004a Optical Spectrum Analyser

(OSA) and is plotted in Figure 2.4. We observe a broad spectral emission with a peak

at the absorption line of 1470 nm.
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Figure 2.4: Measured optical spectrum of the pump diode at an output power of 20 W and a
water temperature of 21◦C.

2.2.3 Q-switched Operation

The polarisation dependent reflection and transmission of the TFP (PBS) combined

with the PC forms the Q-switch for the counter-clockwise (clockwise) propagating

eigenmode. Although the Brewster-angled faces of the slab are not critical for Q-

switching they do provide high-loss to vertically polarised (σ) light. Hence, we only

consider the eigenmode which is horizontally polarised (π) leaving the slab. Consider

first the counter-clockwise propagating eigenmode with polarisation states illustrated

below in Figure 2.5.
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Figure 2.5: Schematic of the Q-switched laser mode highlighting the horizontal and vertical
polarisation states of the counter-clockwise propagating eigenmode.

In the counter-clockwise propagating case the π-polarised light transmitted through

the Brewster face is completely transmitted through the PBS and is then incident on the

PC. The voltage applied to the PC determines the polarisation state of light incident

on the TFP, thus determining the fraction that is reflected and transmitted. When

no voltage is applied (VPC = 0) the polarisation state is unchanged and the output-

coupling (OC) is 100% (low-Q), when the half-wave voltage (VPC = Vλ/2) is applied the

output-coupling is 0% (high-Q) and for an intermediate voltage (0 < VPC < Vλ/2) we

will observe a partial output-coupling. Thus, the choice of voltage provides a means of

dynamically tuning the output-coupling. Similarly, consider the clockwise propagating

eigenmode with polarisation states illustrated below in Figure 2.6.

PBS

TFP

PC

HWP

HR & PZT

Er:YAG Slab fsph

fcyl

Figure 2.6: Schematic of the Q-switched laser mode highlighting the horizontal and vertical
polarisation states of the clockwise propagating eigenmode.

In the clockwise propagating case the π-polarised light rotated to σ-polarised by

HWP where it is completely reflected off of TFP and is then incident on the PC. The

voltage applied to the PC determines the polarisation state of light incident on the PBS,

thus determining the fraction that is reflected and transmitted. Similar to the counter-

clockwise case when no voltage is applied (VPC = 0) the polarisation state is unchanged
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and the output-coupling is 100% (low-Q), when the half-wave voltage (VPC = Vλ/2)

is applied the output-coupling is 0% (high-Q) and for an intermediate voltage (0 <

VPC < Vλ/2) we will observe a partial output-coupling. A mathematical analysis of

this output-coupling mechanism is described in Appendix C and is commonly used

throughout this Chapter to calibrate the PC voltage directly to an output-coupling

reflectivity.

2.2.4 Lasing Performance

The ring resonator was initially operated in Q-switched mode at a PRF of 1 kHz,

however, it was observed that pulses were occasionally skipped. This indicates that a

significant fraction of the available gain is extracted per pulse, causing the following

pulse to be missed. By reducing the PRF to 100 Hz we observed a stable pulse train

at a range of output-couplings. A plot of the pulse energy and pulse Full-Width Half

Maximum (FWHM) as a function of the output-coupler reflectivity is shown in Figure

2.7.
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Figure 2.7: A measurement of the Q-switched laser pulse energy and FWHM at a PRF of
100 Hz and a pump power of 20 W

At an output-coupler reflectivity of 61.2%, corresponding to a PC voltage of 2.05 kV,

we measure a pulse energy of 1.2 mJ and a FWHM of 105 ns. A trace of this Q-switched

pulse, recorded on a 1 GHz oscilloscope (Tektronix MDO3104), is plotted in Figure 2.8.

A pulse develops approximately 1.6 µs after the Q-switch is engaged. We observe a high-

frequency beating between the longitudinal modes within the resonator superimposed

on the pulse. A Fourier analysis of this data shows this has a frequency of 638 MHz -

corresponding to the Free-Spectral Range (FSR) of the cavity.
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Figure 2.8: A Q-switched pulse generated from the laser with the PC set to 2.05 kV.

The optical spectrum of the Q-switched laser is shown at a range of pulse energies

in Figure 2.9. This was measured using the HP70004a OSA with a Resolution Band-

width (RBW) of 0.08 nm, a Video Bandwidth (VBW) of 10 Hz and a sensitivity of

-90 dBm. We observe lasing at the erbium gain-centre wavelength of λ = 1645.15 nm

with evidence of spectral broadening at higher pulse energies.

1640 1641 1642 1643 1644 1645 1646 1647 1648 1649 1650
−100

−90

−80

−70

−60

−50

Wavelength (nm)

P
S
D

(d
B
m
)

0.4mJ
0.8mJ
1.2mJ

Figure 2.9: Measured optical spectra of the free-running slave laser.

2.3 Injection Seeding

Injection-seeding is a technique used to control the spectral properties of a high-power

‘slave’ laser via injection of a low-power ‘master’ laser [131]. This has advantages

over other methods which implement intra-cavity wavelength control elements such

as gratings, prisms, birefringent filters and etalons which tend to introduce relatively
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high-loss - reducing the efficiency of the laser. These elements often have low damage

thresholds, further limiting their applicability in high-power laser systems.

In a Q-switched laser system there must be ‘seed’ source from which a pulse devel-

ops, in the absence of externally injected light this is provided by the natural spon-

taneous emission that occurs within the laser gain medium. Light injected from an

external master laser acts to compete as an alternative seed source. If the injected

seed is large enough and its wavelength is resonant with a longitudinal mode of the

slave laser then a pulse will develop from the master laser, depleting the available gain

before the natural pulse develops. In this case, the pulse will mimic the properties of

the master laser. We propose to use this technique to control the wavelength of both

the online and offline pulses for use in methane DIAL.

2.3.1 The Injection Arm

The intra-cavity PBS of the slave laser is an available injection port for the master

laser, the optics used to efficiently couple the master laser is illustrated in Figure 2.10.

Light from the fiber-coupled master is collimated and passed through a HWP that is

orientated to maximise the reflection off the intra-cavity PBS. Light leaving the master

laser passes through a lens (f1 = 200 mm) which focuses the beam into an Acousto-

Optic Modulator (AOM) which induces a 40 MHz frequency shift which is useful for

heterodyne measurements discussed later in Section 2.3.2. The lenses f2 and f3 are used

as a telescope to mode match the master laser to the slave resonator. Following this

a free-space isolator ensures the master laser is protected from the reverse wave pulse

from the slave laser resonator.

f1f2f3 AOMIsolator HWP

Master
Laser

Slave
Laser

PBS

Figure 2.10: A schematic of the injection seeding arm.

To facilitate efficient injection seeding the master and slave must be adequately

mode-matched. By imaging the slave laser mode at multiple points using an InGaAs

camera (Goodrich SU320KTS-1.7RT) and applying a fitting algorithm, a 1/e2 half-

width in both the horizontal (ωx) and vertical (ωy) plane was extracted. Using this,

the lenses f2 = 200 mm and f3 = 150 mm were positioned to optimise the modal overlap.

The measured mode of both the slave and the master, as well as the corresponding M2

fit, is plotted in Figure 2.11.
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Figure 2.11: Measured beam widths and M2 fit of the master and slave lasers in the horizontal
and vertical planes. TheM2 values presented are for the slave laser output mode.

Evidently there is a high degree of overlap, mathematically, the quality of mode

matching can be quantified with the overlap integral.

η =

∣∣∫ E∗1E2dA
∣∣2

∫
|E1|2 dA

∫
|E2|2 dA

(2.1)

Where E1 and E2 are the complex electric fields of the slave laser and master laser

respectively. This calculation is complicated by the astigmatic nature of both the

slave and master mode, however, we can extend the common description of stigmatic

Gaussian beams to describe simple astigmatic beams. The Gaussian beam can be

decomposed into two independent stigmatic beam representations - one in each plane

of symmetry [132]. This allows the complex electric field to be described using the

following expression [133].

E(r, z) = E0(z)exp

[
−i
(
φac + k

(
x2

2qx(z)
+

y2

2qy(z)

))
− φg(z)

]
(2.2)

Where k is the wavenumber, qx,y is the complex beam parameter in the horizon-

tal/vertical plane, φac is the accumulated phase relative to a common reference point
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and φg is the gouy phase, for simplicity this is approximated as the average between

the two planes and is given by.

φg(z) =
1

2

[
arctan

(
z − z0x

zRx

)
+ arctan

(
z − z0y

zRy

)]
(2.3)

Where z0x,y is the waist position in the horizontal/vertical plane and zRx,y is the

Rayleigh range in the horizontal/vertical plane. Combining Equations 2.1, 2.2 and 2.3

the overlap integral is calculated to be η = 0.88 - suggesting a high degree of overlap

between the master and slave modes.

2.3.2 Quantifying Injection Seeding

There are three pulse properties we use to determine whether injection-seeding oc-

curred: the reduction in build-up time, the frequency of a heterodyne beat and the

suppression of the reverse wave. All three metrics are discussed in further detail in the

following sections.

Heterodyne Beat Metric

When successfully injection-seeded the frequency of the slave laser output will closely

match that of the injected master laser. The heterodyne detection technique devised

by Fee et al. [134] is a convenient tool to determine the relative frequency of the master

and slave laser. For simplicity and ease of alignment we use an all-fiber configuration

as illustrated in Figure 2.12.

Master
Laser

AOM Slave
Laser

90/10

50/50

〈ω〉

ωm + δωPD

Figure 2.12: Schematic of the optical heterodyne system for measuring the frequency jitter
of the injection-seeded laser on a pulse-to-pulse basis.

The master laser is split using a fiber-splitter, a large fraction (90%) is frequency

shifted by ωm = 40 MHz using an AOM before it is injected into the slave resonator. We

define the slave laser to have an average output frequency 〈ω〉, which is instantaneously

offset from the master laser frequency ω0 by δω. This frequency offset is measured by

coupling a small-fraction of the pulsed output into fiber and combining it with the
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unshifted master laser using a 50/50 fiber-splitter, resulting in a beat-note which is

measured on the Newport 1817-FC fiber-coupled balanced photodetector (PD). Its

power spectrum is then calculated using a Fourier transform.

Build-Up Time Metric

The pulse build-up time is defined as the time taken for a pulse to develop after the

Q-switch is engaged. When the slave laser is successfully injection-seeded it will exhibit

a reduction in the build-up time in comparison to the corresponding unseeded build-up

time. This occurs because the pulse will develop from the regenerative amplification

of a pre-populated mode rather than from spontaneous emission.

A theoretical analysis of injection-seeding presented by Barnes et al. [135] states

that a pulse is considered ‘seeded’ if it is over before the pulse which evolves naturally

from spontaneous emission can extract a significant amount of energy. By defining the

unseeded build-up time as τn, the seeded build-up time as τs and the pulse width as τp

we represent this criteria schematically in Figure 2.13.
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τs
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E

T0

Figure 2.13: A schematic of the build-up time metric used to quantify injection-seeding, high-
lighting the build-up time reduction of the seeded pulse in comparison to the
unseeded pulse. The Q-switch is engaged at time T0.

Alternatively, this criteria can be represented mathematically.

τs < τn − τp (2.4)

Reliable injection-seeded laser systems have been described in literature which ad-

just the cavity length to maintain a minimum average build-up time [136–138].

Reverse Wave Suppression Metric

In a ring resonator there exists two counter propagating modes which compete for gain,

we denote these as the forward (counter-clockwise) and reverse (clockwise) waves. In

the absence of directional dependent components both modes will experience the same

round-trip gain, hence pulses of similar energy and build-up time will be produced
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in both directions. When successfully injection-seeding one direction, in this case the

forward wave, a significant fraction of the gain will be extracted before the reverse wave

has developed. Thus the reverse wave should be significantly suppressed in comparison

to the forward wave.

This metric has been implemented by Ertel et al. [139] to quantify the efficiency

of an injection-seeded Ti:Sapphire laser system. By measuring the ratio of the pulse

energy in the forward Efwrd and reverse Ervrs directions they define the seeding efficiency

as.

ηseed = 1− Ervrs

Efwrd

(2.5)

We measured the reverse-wave using the Thorlabs DET01CFC fiber-coupled pho-

todetector positioned at the unused port of the 90/10 fiber-splitter illustrated in Figure

2.12.

2.4 Master Laser Characterisation

For efficient injection seeding a narrow linewidth and highly stable master laser is

critical, additionally, we require a laser that is tunable around the 1.6 µm wavelength

band and insensitive to mechanical vibrations. There are a variety of commercially

available sources including External Cavity Diode Lasers (ECDL) [140], Distributed

Bragg Reflector (DBR) lasers [141, 142] and Distributed Feedback (DFB) diode lasers

[143] which may be suited for this application.

Two master lasers were considered during this project; a DFB diode laser from

Sacher Lasertechnik (DFB-1644-003) and an ECDL from Yenista Optics (T100-1620AR)

- their optical properties are given in Table 2.1.

DFB-1644-003 T100-1620AR

Type DFB ECDL
Power 3 mW 4 mW
Centre-Wavelength 1644 nm 1620 nm
Tuning Range 3 nm 100 nm
Side-mode Suppression - 100 dB
Linewidth 10 MHz 150 kHz
Modulation Band DC to 100 MHz 50 Hz to 50 MHz

Table 2.1: Specified optical properties of the master lasers used for injection-seeding.

In this section we will characterise the optical spectra and frequency noise of both

master lasers to determine which is more suitable for injection-seeding.
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2.4.1 Master Laser Optical Spectrum

The measured optical spectra of both master lasers is plotted in figure 2.14. This was

recorded using the HP70004a OSA with a VBW of 20 kHz, a RBW of 0.08 nm and a

noise floor of -60 dBc.
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Figure 2.14: Measured optical spectra of (a) the DFB and (b) the ECDL master laser.

Both lasers can tune around the methane absorption line λon = 1645.55 nm as

required. The DFB exhibits background Amplified Spontaneous Emission (ASE) which

is 49 dB to 56 dB lower than the primary mode and a side-mode suppression of -47 dBc.

Both the ASE and side-mode suppression of the ECDL are limited by the measurement

noise floor.

2.4.2 Master Laser Frequency Noise

The Pound-Drever-Hall (PDH) technique provides a direct means of measuring the

frequency noise of a semiconductor laser, a detailed discussion of this technique is

given in Appendix D. By generating an error signal with a slope denoted Ds (V/Hz)

voltage noise at the error point can be directly calibrated to a frequency noise. In

comparison to other measurement techniques, such as FM spectroscopy in which the

3 dB point of a Fabry-Perot cavity resonance dip is used as a frequency discriminator,

PDH provides a well-defined discriminator signal with high-linearity.
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The frequency noise measurement system is illustrated in Figure 2.15. The Fabry-

Perot cavity used in this system (Thorlabs SA210-14A) has a FSR of 10 GHz and the

rear mirror is mounted on a PZT. A mode-matching lens f+ = 100 mm is introduced

to couple efficiently into the cavity. The polarisation of the reflected light is rotated by

a Quarter-Wave Plate (QWP) and is then incident on a PD (Thorlabs DET01CFC).

The corresponding electrical signal is demodulated with the Local Oscillator (LO),

generating an error signal at Vout.

Laser PBS QWP f+ Fabry-Perot

PD

LO

Mixer

Vout 0 5 10
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V
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Figure 2.15: A schematic of the frequency noise measurement system. The inset graph illus-
trates the output signal as the cavity is scanned across multiple resonance dips,
this is used to calibrate the frequency axis.

The error signal generated using this system, plotted in Figure 2.16, exhibits a

well-defined linear region centred at zero.
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Figure 2.16: The error signal generated from the Fabry-Perot cavity used to calibrate voltage
noise to master-laser frequency noise. The linear fit and corresponding slope are
also illustrated.
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Using the Agilent 89410A spectrum analyser we calculate the voltage noise power

spectral density and convert this to a frequency noise power spectral density Sν(f)

with units of Hz/
√

Hz. No active servo control is used to keep the laser on resonance,

instead we rely on the laser sitting on resonance over the measurement time. The

measured frequency noise of the DFB master laser is plotted in Figure 2.17.
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Figure 2.17: Frequency noise of the DFB laser measured using the PDH technique as the laser
sits on resonance, the grey shaded area is the noise floor of the measurement.

We observe broadband frequency noise which is dominated by a 1/f component,

this is consistent with experimental studies [144, 145] which attribute this to current

noise on the diode driver. This noise can be reduced by decreasing the drive current,

however, the Schawlow-Townes-Henry theory [146] states that this will cause the high-

frequency Gaussian white noise component to increase.

The measured frequency noise of the ECDL master laser is plotted in Figure 2.18.

The RMS frequency noise indicates that it is dominated by low-frequency spurious

components. From discussions with the manufacturer the low-frequency noise peaks

are attributed to cooling fans on the mainframe whilst the peak at 16 kHz and its

higher harmonics are due to electrical noise. Since the frequency noise of the ECDL is

significantly lower than the DFB it is used as the master laser in preliminary injection-

seeding characterisation.
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Figure 2.18: Frequency noise of the ECDL measured using the PDH technique as the laser
sits on resonance, the grey shaded area is the noise floor of the measurement.

2.5 Dual Pulsed Operation

For airborne IPDA methane sensing we require a Q-switching technique capable of

producing two pulses of two separate wavelengths with a small temporal separation.

Although techniques for producing two controllable pulses from a Q-switched laser were

described as early as 1969 [147] few systems have extended this for dual-wavelength

operation. A comparison of these systems is listed in Table 2.2.

[148] [149] [150] [151]

Gain Medium Cr:BeAl2O4 Cr:LiSAF Ho:Tm:YLF Ho:YLF
λon 727 nm 896.2 nm tunable 2051.01 nm
λoff 732 nm 898.2 nm 2051.25 nm 2051.25 nm
Pulse Energy 50 mJ (x2) 30 mJ (x2) 90/45 mJ 42/12 mJ
Pulse Width 250 ns 28 ns 200/350 ns 33/74 ns
PRF 10 Hz 1 Hz 10 Hz 303.5 Hz
Pump-Source Flash lamp Flash lamp Diode Fiber laser
Q-Switch AOM PC - AOM
∆toff 55 µs 82 µs 150 µs 250 µs

Table 2.2: A comparison of published dual-pulsed, dual-wavelength laser systems.
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Bruneau et al. [148] described an alexandrite laser for water vapour sensing that

achieved wavelength selectivity using a birefringent filter and a PC. Intra-cavity etalons

allow only two resonator modes to lase, these two modes correspond to the online and

offline wavelengths. Selectivity of these adjacent modes is achieved by inducing a

voltage dependent phase difference using the birefringent filter and PC. An AOM is

then used to Q-switch twice, giving a pulse separation of 55 µs chosen to maximize the

output laser energy.

Chang-Shui et al. [149] report a flash-lamp pumped Cr:LiSAF laser that achieves

wavelength selectivity by switching between two separate resonator arms using a PC

and a TFP. Four separate prisms are located within each arm to tune the gain to λon

and λoff. During optical pumping the quarter-wave voltage is applied to the PC to

produce high-loss, by switching this to the half-wave voltage the loss is decreased and

a pulse is generated from one resonator arm. Following this, the PC is switched to

zero volts generating a pulse from the other arm with an offset of 82 µs. This time

separation is chosen to ensure the energies of both pulses are equal.

Refaat et al. [150] report a Ho:Tm:YLF Q-switched laser for airborne CO2 sensing

based upon a system developed by Yu et al. [152]. The slow energy transfer between

the Tm and Ho energy levels [153] is exploited to efficiently utilise the pump energy -

producing two high-energy pulses from a single pump pulse. The pulse delay is set to

150 µs to maximize the energy extraction and wavelength selectivity was achieved by

injection-seeding both pulses at separate wavelengths.

Gibert et al. [151] describe a Ho:YLF laser which does not exploit this energy trans-

fer processes. Instead, two low-energy pulses are amplified using a Master Oscillator

Power Amplifier (MOPA) configuration to scale the pulse-energy for space-borne CO2

sensing. The pulse delay of 250 µs is limited by the control systems used to achieve

injection-seeding of both the online and offline pulses, the details of this system are

discussed further in Chapter 4.

The temporal separation of these dual-pulsed systems does not meet the require-

ments of our airborne IPDA system. In this section we describe a Q-switch design

capable of producing two pulses separated by 2 µs; Section 2.5.1 describes the timing

of the dual-pulse sequence and Section 2.5.2 describes the Q-switch driver.

2.5.1 Q-Switch Timing

The proposed sequence of the dual-pulse Q-switch is illustrated in Figure 4.34. At time

T0 the trigger arrives and activates the High-Voltage (HV) driver, applying a voltage

HV1 to the pockels cell. This reduces the output-coupling from 100% to OC1, allowing

a pulse to develop with a build-up time τ1. Shortly after the falling edge of the pulse

the PC is disengaged at time T1, returning the PC voltage to 0 V. This delay is set by
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a digital delay generator.

At time T2 the HV driver is re-engaged, applying a higher voltage HV2 to the PC.

This produces a smaller output-coupling OC2 allowing a pulse to develop despite the

gain extracted by the previous pulse. In the case where the temporal offset between

the two switching events is small (T2−T1) the pulse delay is largely determined by the

second pulse build-up time τ2, which has been measured to be less than 2 µs. Following

the second pulse the PC is disengaged at time T3, returning the slave laser to a low-Q

state in preparation for the following pulse-pair.

Trigger

Vfwrd

VPC

Output
Coupling

T0 T1 T2 T3

τ1 τ2

0V
HV1

HV2

OC1

OC2

100%

Figure 2.19: The proposed timing of the voltage applied to the pockels cell to produce two
pulses with a small time separation.

2.5.2 Q-Switch Driver

To quickly charge, discharge and recharge the pockels cell to high voltages we use

the circuit designed and constructed by Neville Wild, illustrated in Figure 2.20. Two

high-voltage supplies, labelled HV1 and HV2, are connected to the PC via high-voltage

switches controlled by digital logic inputs SW1 and SW2. The high-voltage supplies

used are the 6A12-P4-I5 and 6A12-N4-I5 from Advanced Energy, capable of producing

0 to +6 kV and 0 to -6 kV respectively. To rapidly switch between the high-voltage

supplies and ground we use two high-speed high-voltage double-pole switches (PHVSW-

005V) from Willamette. The outputs of these switches are connected to the PC via

35 cm of RG316 cable.
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Pockels Cell

HV1

HV2

SW1 SW2
+ -

Figure 2.20: A schematic of the high-voltage switching circuit.

When SW1 is engaged a positive voltage is applied to the cathode and the anode

remains grounded whilst when SW2 is engaged a negative voltage is applied to the

anode and the cathode remains grounded. Thus ensuring that the electric field applied

across the PC remains in the same direction. With this circuit configuration we were

able to achieve a low switching delay (T2−T1 ≈ 100 ns), ensuring high commonality

between the online and offline pulses.

2.6 Preliminary Injection-Seeding Results

In this section we present a characterisation of the injection-seeded Er:YAG slave laser

to determine the feasibility of reliably tuning the wavelength onto a methane absorption

line. When injection-seeded there should be a clear relationship between the slave laser

build-up time, heterodyne beat-frequency and reverse-wave suppression. Potentially

enabling a servo to be implemented to ensure reliable injection-seeding. Although the

data presented in this section does not exhibit the properties expected of an injection-

seeded laser it forms the basis of a theoretical and experimental analysis presented in

Chapter 3. This ultimately enabled a control system which ensured reliable injection-

seeding to be implemented, as discussed further in Chapter 4.

The slave laser, operating at a PRF of 100 Hz, was injection-seeded with the Yenista

ECDL tuned to erbium line-centre λ = 1645.15 nm. The forward-wave, reverse-wave

and beat-note are captured using the GaGe CSE1642 Data Acquisition (DAQ) system;

a 125 MHz, 200 MS/s, 16-bit, 4-channel oscilloscope capable of continuous data col-

lection. This device is selected for its low digitisation noise specifications and is used

extensively to capture large data sets throughout this thesis.

Typical profiles of the unseeded and injection-seeded slave laser outputs are shown

in Figure 2.21.
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Figure 2.21: An example of the measured forward wave, reverse wave and beat signal of the
free-running and injection-seeded slave laser.

The seeded forward-wave exhibits a reduction in build-up time but not a significant

increase in the pulse energy. This is consistent with the incomplete suppression of the

corresponding reverse-wave, indicating the slave laser is poorly seeded. Occasionally

the slave laser produced two-pulses from a single Q-switch event when injection-seeded,

an example of this is shown in Figure 2.22.
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Figure 2.22: An example of the measured forward wave, reverse wave and beat signal of the
injection-seeded slave laser that exhibited uncontrolled dual pulsing.

Compared to the free-running build-up time of ≈1.5 µs the first pulse exhibits a

significant reduction in build-up time and complete suppression of the reverse-wave,

suggesting it is well seeded. A second uncontrolled pulse develops later at 1.5 µs with no

reduction in build-up time nor evidence of reverse-wave suppression. Whilst we require

the slave laser to produce two pulses this sporadic behaviour was uncontrollable and
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is not be suitable for stable differential absorption measurements of methane.

We examined the seeding reliability by applying a 12.5 mHz ramp to the PZT to

sweep the slave cavity length through resonance. Both the build-up time and beat

frequency of 10,000 consecutive pulses were measured on the GaGe digitiser. A voltage

threshold of 500 mV was applied to the beat-note to filter any background signals which

may occur off of resonance. The total sweep is plotted in Figure 2.23.
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Figure 2.23: A plot showing the build-up time and beat-frequency of the injection-seeded
slave laser as it is swept through resonance. The grey line represents the voltage
applied to the PZT and is arbitrarily scaled to fit within the plot.

We clearly resolve regions where a significant reduction in build-up time has oc-

curred, this is examined further by only plotting a resonance region in Figure 2.24.

With few pulses exhibiting the build-up time reduction required to consider them

‘seeded’, this plot highlights the unreliable seeding efficiency of the slave laser.
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Figure 2.24: A plot showing the build-up time and beat-frequency of the injection-seeded
slave laser in a resonance region. The grey line represents the voltage applied
to the PZT and is arbitrarily scaled to fit within the plot.

35



CHAPTER 2. A Q-SWITCHED ER:YAG LASER FOR REMOTE METHANE
SENSING

The injection-seeding was further investigated by plotting the relationship between

the build-up times and the corresponding beat frequencies of the seeded pulses mea-

sured in the cavity scan in Figure 2.25. This plot shows that a small fraction of pulses

exhibit a reduction in build-up time. Additionally, there is minimal apparent structure

between the build-up time and corresponding beat frequency - further indication of

poor injection-seeding.
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Figure 2.25: Relationship between the build-up time and beat frequency of the injection-
seeded slave laser.

2.7 Conclusion

This chapter described the characterisation of an injection-seeded Er:YAG laser devel-

oped by Myles Clark as part of a preceding PhD thesis. The slave laser was capable

of producing Q-switched pulses with an energy of 1.2 mJ, a width of 100 ns at a PRF

of 100 Hz which was limited by a lack of available pump power. The optics used to

couple the master laser into the slave cavity were introduced and the degree of modal

overlap was calculated. Using the build-up time, beat frequency and reverse wave sup-

pression of the injection-seeded slave laser the poor injection-seeding behaviour was

characterised. Unreliable injection-seeding and uncontrollable dual-pulsing will both

need to be removed to facilitate wavelength tunability for methane sensing.
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Chapter 3

A Study of Injection-Seeding

3.1 Introduction

Since single-mode operation of a Q-switched laser system was first demonstrated in

1969 [154], the injection-seeding technique has become ubiquitous in systems spanning

the infrared [155, 156] to the ultra-violet [157, 158]. Despite this, very few theoretical

analyses of the injection-seeding process have been presented in literature. Lachambre

et al. [159] described the analysis of a Transversely Excited Atmospheric (TEA) CO2

laser based upon a field propagation model which has since been further extended to

other laser materials [160]. Tashiro et al. [161] later reported this model was inaccurate

in reliably describing high-peak power laser systems.

Rather than applying a field propagation model we instead explored the devel-

opment of an injection-seeded numerical model based upon energy level population

density rate equations. Whilst a similar approach has been implemented by Ganiel et

al. [162] to describe a pulsed dye laser, to our knowledge this is the first describing

injection-seeding in an Er:YAG system. Inconsistencies between this model and exper-

iment lead to a study of the temporal response of the Pockels Cell. A novel technique

to stabilise the Q-switch is introduced, resulting in good agreement with theoretical

predictions and significantly improved seeding behaviour.

The development of this model is described in Section 3.2 which is divided into three

sub-sections. Section 3.2.1 introduces a steady-state model to solve for the gain-medium

population densities; in Section 3.2.2 we adapt this to solve for photon-densities and

in Section 3.2.3 we introduce a term to describe injection-seeding. The results of a

Pockels Cell response measurement are given in Section 3.3 and a means of stabilising

this response, with updated experimental results, is described in Section 3.4. This

chapter concludes in Section 3.5 with a characterisation of the improved injection-

seeding results of the Er:YAG laser.
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3.2 A Numerical Model for Injection Seeding

The population dynamics of the energy levels in a gain medium are described by a set of

rate equations. These Ordinary Differential Equations (ODEs) incorporate absorption,

emission, energy transfer and non-radiative decay processes.

The energy level transitions in Er3+ that are associated with 1.6 µm operation are

illustrated in Figure 3.1. Neglecting higher order processes, four manifolds are required

to adequately describe the system [163–165], with the sub-level populations within each

manifold approximated by a Boltzmann distribution.
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Figure 3.1: Diagram of the four lowest energy level manifolds in Er:YAG. The energy levels
are sourced from [163] & [164] and all transitions are sourced from [165].

For resonantly-pumped Er3+ doped lasers operating in the 1.6 µm region both the

absorption and emission transitions occur between the 4I15/2 (N1) and 4I13/2 (N2)

manifolds. The 4I9/2 (N4) level is populated via Energy-Transfer Upconversion (ETU)

- a parasitic process whereby two erbium atoms in the 4I13/2 manifold interact to excite
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one to the 4I9/2 manifold and de-excite one to the 4I15/2 manifold. As the energy gap

for these transitions are not identical this process is phonon assisted to ensure energy

conservation [166]. The 4I11/2 (N3) level is populated from the 4I9/2 level via non-

radiative decay, which then undergoes further non-radiative decay to the 4I13/2 level.

3.2.1 Steady State Pumping Model

Many numerical models that aim to predict the performance of end-pumped quasi-

three-level laser systems under steady-state pumping conditions have been presented

in literature [167–171]. The model published by R. J. Beach [170] provides simple an-

alytical expressions for the laser output power. Auge et al. [171] extended that model

to account for the non-negligible re-absorption losses and the axial variation in pump

intensity that occurs in longitudinally pumped systems. However, these numerical

models are unable to predict time-dependent lasing behaviour which is critical in eval-

uating injection-seeding. A complete model of the laser system would require a set of

equations that describe the time-dependent axial population densities of the ith mani-

fold Ni(z, t). Whilst spatial-temporal numerical models of end-pumped Er:YAG laser

systems have been presented in literature [172] they are significantly more complex and

computationally intensive.

Instead we follow the approach outlined by White et al. [173] and N. Chang [169],

in which the spatially-averaged population densities N̂i(t) are calculated. This approx-

imation, referred to as the Mean Population Approximation (MPA), is valid when the

pump light intensity does not vary significantly with z - as would be required in a

quasi-three-level gain medium to avoid re-absorption losses.

The rate equations for the four lowest energy levels of Er:YAG under steady-state

pumping conditions are given below where all symbols are defined and discussed below.

dN1

dt
= N2w21 +N3w31 +N4w41 +

Ppηeff
hνpVp

[1− exp (−σpls∆Np)] + CupN
2
2 (3.1)

dN2

dt
= N3w32 +N4w42 −N2w21 −

Ppηeff
hνpVp

[1− exp (−σpls∆Np)]− 2CupN
2
2 (3.2)

dN3

dt
= N4w43 −N3w32 −N3w31 (3.3)

dN4

dt
= −N4w43 −N4w42 −N4w41 + CupN

2
2 (3.4)

The pump source is defined to have an output power Pp and is launched into the

gain medium with an efficiency ηeff where it is assumed to uniformly fill a volume Vp

within the slab of length ls. The pump absorption is assumed to occur between a single

pair of sub-levels with populations determined by the corresponding Boltzmann factor

fi. The absorption of pump light is dependent on the absolute cross-section σp and the
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population inversion density ∆Np, given by.

∆Np = f2pN2 − f1pN1 (3.5)

The ETU process is described by the upconversion coefficient Cup, this parameter

has been documented at room temperature for a range of Er3+ concentrations with

measurements yielding a value of Cup = 2× 10−17 cm3/s/at.% [174]. As this parameter

increases linearly with Er3+ concentration, lower dopant levels are typically used to

limit the effect of the ETU process.

The decay rate of ions from the ith to the jth energy level is described the parameter

wij. The values of all decay rates are given in Table 3.1; the rates w32 and w43 are

dominated by non-radiative processes and are significantly larger than the radiative

rates [175].

w21 w31 w32 w41 w42 w43

136 [176] 118 [177] 9,000 [178] 51 [179] 57 [179] 123,000 [180]

Table 3.1: Er:YAG room-temperature decay rates (s−1).

A numerical model was used to validate this rate equation model and explore the

dynamics of the laser gain medium during steady-state pumping. The MATLAB model

used the inbuilt function ODE45 [181] to solve equations 3.1 - 3.4 over a time span

of 10 ms. It is assumed that at the start of the simulation all Er3+ atoms are in the

ground-state (i.e. N1 (t = 0) = NEr, N2−4 (t = 0) = 0).

The Boltzmann factors and the associated cross-sections for the pump transition

at wavelength λp and lasing transition at wavelength λl are given in Table 3.2 and all

other free parameters used in the steady-state pumping simulation are given in Table

3.3. Although this sub-section focuses on the dynamics of optical pumping we have

introduced the lasing cross-sections as they are later used to further validate the rate

equation model.

λp (nm) σp (cm2) f1p f2p

1470 4.2× 10−20 0.264 0.089
1532 5.2× 10−20 0.276 0.241

λl (nm) σl (cm2) f1l f2l

1617 3.4× 10−20 0.036 0.209
1645 3.1× 10−20 0.022 0.209

Table 3.2: Cross-sections and Boltzmann factors of the available pump and lasing transi-
tions in Er:YAG at 300 K [182]. Note that the temperature dependence of these
parameters is not accounted for in this model.
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Parameter Value Note

Lasing wavelength λl = 1645 nm
Pump wavelength λp = 1470 nm
Pump horizontal diameter dpx = 2 mm
Pump vertical diameter dpy = 1.7 mm
Pump power Pp = 20 W
Pump launch efficiency ηeff = 75%
Output coupler reflectivity Roc = 64%
Round-trip loss Lcav = 9%
Erbium concentration NEr = 7× 10−19 cm−3 0.5% at. Er doping
Upconversion coefficient Cup = 1× 10−17 cm3/s 0.5% at. Er doping
Er:YAG crystal length ls = 33 mm slab back face to nose
Mode path-length lp = 93.3 mm lp = 2

√
2ls

Steady state time-span tss = 10 ms

Table 3.3: Experimental parameters used in the steady-state pumping numerical model.

The predicted spatially averaged populations densities for the four lowest energy man-

ifolds is shown in Figure 3.2.
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Figure 3.2: Predicted population densities of the four lowest energy manifolds in Er:YAG.

As expected, ions are excited from the ground-state to the upper lasing level until

steady-state is reached after approximately 10 ms. The populations of the higher energy

levels are negligible due to the fast decay rates of these states relative to that of the

N2 manifold.

The round-trip gain G at the start of the pumping was then calculated using the

population densities

G = RocLcavexp (σl (f2lN2 − f1lN1) lp) (3.6)

where Roc is the laser output-coupling, Lcav is the cavity round-trip loss and σl is
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CHAPTER 3. A STUDY OF INJECTION-SEEDING

the absolute lasing cross-section. This parameter is critical as, unlike the population

densities, it can be easily compared to experimental observations. The predicted round-

trip gain is plotted in Figure 3.3
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Figure 3.3: Predicted slave laser round-trip gain

Thus, the laser reaches threshold after pumping for 3.5 ms and saturates at a gain

G = 1.1. For pulse repetition rates greater than 300 Hz the available energy will be

coupled to the energy extracted by the previous pulse. At a pulse repetition rate of

1 kHz we have experimentally observed unstable pulse-to-pulse energies as illustrated

in Figure 3.4. Evidently, missed pulses occur as the previous pulse extracts a significant

fraction of the stored energy, leaving the laser sub-threshold for the following pulse.
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Figure 3.4: Measured pulse-to-pulse energy of the Q-switched laser output operating at a
repetition rate of 1 kHz highlighting that a missed pulse will consistently follow
a high-energy pulse.

The gain and the available lasing energy is limited by the bleaching of ground-

state erbium ions by the pump diode. This process, known as pump-bleaching, can be

mitigated by increasing the doping concentration of erbium ions. However, this will

also increase the rate of ETU and laser re-absorption - both of which act to reduce
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3.2. A NUMERICAL MODEL FOR INJECTION SEEDING

the laser efficiency. Recent advancements in erbium-doped fiber lasers have enabled

high-power pump sources capable of accessing the narrow absorption line at 1532 nm,

allowing the repetition rate [183] and pulse energy [184] to be increased significantly.

Although not considered in the scope of this project, this may be crucial in overcoming

the limitations of diode pumping predicted in this section.

The steady-state model predicts the physical processes that occur within the laser

gain medium when pumped with a Constant-Wave (CW) source. However, for direct

comparison to experimental data, we require a model which simulates pulsed laser

output parameters such as pulse build-up time, pulse-width and peak-power. As such,

we use the steady-state model described in this sub-section as the basis of a Q-switched

numerical model.

3.2.2 Q-Switched Model

Upon engagement of the Q-switch a laser pulse will quickly develop from spontaneous

emission. The differential equations describing this behaviour were first derived by

Wagner et al. [185]. During the pulse evolution there is a change in the internal photon

density φ which is coupled to the population density via the following expression [186]:

dφ

dt
=

[
σl (f2lN2 − f1lN1) lp

tr
− 1

tc

]
φ (3.7)

where tr is the resonator round-trip time and tc is the cavity lifetime, given by.

tc = − tr
ln (Roc (1− Lcav))

(3.8)

For a ring-resonator with no directional dependent components both the clockwise and

counter-clockwise laser modes experience the same round-trip gain, and thus a pulse

will develop in both directions. To account for this, we define a photon density in the

clockwise φ+ and counter-clockwise directions φ−.

In the absence of an external seed, the Q-switched laser pulse develops from spon-

taneous emission. Unlike the laser radiation, the spontaneous emission is not confined

spatially or spectrally by the laser resonator. Hence, a significant portion of the spon-

taneously emitted photons do not contribute to the buildup of the laser pulse. This

effect can be described by the spontaneous emission coupling factor kse. An accurate

calculation of this term requires integrating the atom-field coupling across all optical

modes of the resonator [187–189]. To avoid unnecessary complexity, we instead con-

sider three simple factors which describe how spontaneously emitted photons couple

into the laser cavity.

1) Spatial Overlap - For a Gaussian laser mode the far field divergence solid angle

Ω is.
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Ω =
λ2

πω2
0

(3.9)

As the emission direction of the photons are random, the fraction of spontaneously

emitted photons that couple with the Gaussian mode is.

kg =
Ω

4π
=

(
λ

2πω0

)2

(3.10)

2) Modal Overlap - Spontaneously emitted photons with frequencies not matched

to the longitudinal cavity modes do not contribute to pulse buildup. The fraction of

spontaneously emitted photons with a frequency within the resonator mode is given

by,

km =
∆s

∆ν

=
1

F
(3.11)

where ∆s is the spectral width of a longitudinal mode, ∆ν is the mode spacing and

F is the cavity finesse.

3) Spectral Overlap - Above threshold the laser spectral output narrows around the

maximum gain of the laser medium. Spontaneously emitted photons which fall outside

of this narrow spectra cannot contribute to lasing [190]. We describe this with the

spectral overlap factor,

ks =
∆l

∆f

(3.12)

where ∆l and ∆f are the spectral widths of the laser and spontaneous emission respec-

tively. Combining equations 3.10, 3.11 and 3.12 gives the total spontaneous emission

coupling factor.

kse ≈
(

λ

2πω0

)2
1

F

∆l

∆f

(3.13)

The rate at which spontaneously emitted photons couple into the cavity is also

dependent on the number of atoms in the upper lasing sub-level (i.e. N2f2l). The

rate at which those atoms decay and the fraction that decay into the lower sub-level

associated with lasing at λl which is described by the branching ratio βij. By combining

these terms equation 3.7 is adapted to describe the photon densities in a ring-resonator

which develop due to spontaneous emission.

dφ±
dt

=

[
σl (f2lN2 − f1lN1) lp

tr
− 1

tc

]
φ± +N2f2lw21β21kse (3.14)

During the evolution of the Q-switched pulse the population densities of the lasing
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manifolds will change due to re-absorption and gain extraction. These processes can be

accounted for by adapting equations 3.1 & 3.2. Note that equations 3.3 & 3.4 remain

unchanged as there is no interaction between the laser photons and the higher energy

levels.

dN1

dt
=N2w21 +N3w31 +N4w41 +

Ppηeff
hνpVp

[1− exp (−σpls∆Np)] + CupN
2
2

+Bcσl (φ+ + φ−) ∆Nl +
(φ+ + φ−) cyag

lp
[1− exp (−σllp∆Nl)] (3.15)

dN2

dt
=N3w32 +N4w42 −N2w21 −

Ppηeff
hνpVp

[1− exp (−σpls∆Np)]− 2CupN
2
2

−Bcσl (φ+ + φ−) ∆Nl −
(φ+ + φ−) cyag

lp
[1− exp (−σllp∆Nl)] (3.16)

The first term introduced describes the gain extraction, as described in equation

3.14, where c is the speed of light in a vacuum and the factor B was introduced by

Ottaway et al. [191] used here to account for the laser mode overlapping with itself in

the zig-zag gain medium. The gain extraction is dependent on the cross-section σl and

the population inversion density.

∆Nl = f2lN2 − f1lN1 (3.17)

The second term introduced accounts for re-absorption of the laser light that occurs

due to the quasi-three level nature of the gain medium. This is analogous to the pump

absorption introduced in the steady-state model, where again the mean population

approximation has been applied. We define cyag as the speed of light within the gain-

medium.

All parameters introduced in the Q-switched model are given in Table 3.4.

Parameter Value Note

Laser horizontal diameter dlx = 800 µm See Appendix B
Laser vertical diameter dly = 500 µm See Appendix B
Mode waist size ω0 = 325 µm Astigmatic average
Mode spectral width ∆s = 5 MHz
Mode spacing ∆ν = 638 MHz
Laser spectral width ∆l = 0.1 nm See Figure 2.9
Spont. Emiss. spectral width ∆f = 5 nm from [192]
Round-trip time tr = 1.56 ns tr = 1/∆ν

Mode overlap factor B = 2 zig-zag ring cavity
Branching ratio β21 = 0.12 from [193]

Table 3.4: Experimental parameters used in the Q-switched numerical model.
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Equations 3.3-3.4 & 3.14-3.16 were solved using the ODE solver in MATLAB. The

initial conditions of the population densities are provided by the final population densi-

ties calculated in the steady-state model (i.e. Ni (0) = Ni (tss)) and it is assumed that

the initial photon density is zero (φ± (0) = 0). The predicted forward wave photon

density and population inversion density are plotted in Figure 3.5.
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Figure 3.5: Predicted forward wave photon density and population inversion density during
the evolution of a Q-switched pulse. The predicted reverse wave photon density
φ− is identical as expected

This model shows a pulse developing, during this time gain extraction occurs and

the population inversion density is reduced which is consistent with the expected laser

dynamics. For direct comparison with experimental results, we convert the photon

density to the output power using equation 3.18 where νl is the photon frequency and

Al is the cross-sectional area of the laser mode. The predicted forward wave peak

power is directly compared to experimental observations in Figure 3.6.

P±,out = φ±hνlAlcyagln (1/Roc) (3.18)
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Figure 3.6: Predicted and measured output power of the free-running slave laser.
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While the simulated pulse width and energy are comparable to experimental ob-

servations, there is a significant discrepancy in the build-up time - a key metric of

injection-seeding. An experimental analysis into the possible cause of this discrepancy

is described in Section 3.3, for completeness however we will first introduce a term into

the numerical model describing injection-seeding.

3.2.3 Injection Seeded Model

In an injection-seeded laser the Q-switch pulse develops from ‘seed’ photons that are

injected from an external master laser. To include this process in the numerical model,

we introduce a term into the forward-wave photon density ODE (equation 3.14) de-

scribing the master laser contribution to the intra-cavity photon density. We assume

that the master laser has a power Pm and the laser mode is well matched to that of

the slave laser - filling a volume Vl within the gain medium. The resultant ODE for

the counter-clockwise photon density is given in the equation below.

dφ+

dt
=

[
σl (f2lN2 − f1lN1) lp

tr
− 1

tc

]
φ+ +N2f2lw21β21kse +

Pm (1−Roc)

hνlVl
(3.19)

We have also assumed that the seed spectral width is narrow compared to the laser

spectral width ∆l and it is operating close to line-centre of the gain spectra. If the

master laser is detuned from line-centre or non-resonant with a longitudinal mode of

the slave cavity the round-trip gain is reduced. Thus reducing the probability that

the pulse develops from the external ‘seed’. Unless explicitly stated otherwise, all

experimental and theoretical seeding data presented in this chapter is at the erbium

line-centre wavelength of 1645.15 nm. Figure 3.7 compares the unseeded and seeded

predictions for a master laser power of Pm = 1 mW.
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Figure 3.7: Predictions of the unseeded slave laser output power compared to the seeded
forward-wave output. Note the seeded reverse wave is also plotted.
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This shows a significant reduction in build-up time as expected - suggesting that

the slave output is developing from the seed rather than spontaneous emission. This is

confirmed by the doubling in pulse energy and the complete suppression of the reverse

wave. The model thus suggests we should be observing efficient seeding behaviour in our

current system with no evidence of dual pulsing or the minimal build-up time reduction

presented in Chapter 2. This inconsistency between the prediction and experiment

motivated a complete examination of the laser system to determine the cause of this

unexpected behaviour.

3.3 Pockels Cell Temporal Stability

The Pockels Cell was characterised in both the steady-state and time-dependent domain

using the system illustrated in Figure 3.8.
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PC

HWP

HR & PZT

Er:YAG Slab fsph

fcyl

PD

Master
Laser

Beam
Dump

Figure 3.8: A schematic of the polarisation-controlled output-coupling characterisation sys-
tem.

The PC is located within the laser to ensure any intra-cavity effects such as mis-

alignment are accounted for. The master laser light is injected via the PBS and in the

absence of a PC voltage completely reflects at the TFP. As a DC voltage is applied to

the PC, denoted VPC, the polarisation of the injected light is rotated and transmitted

through the TFP. The power of this light is measured using a Newport 1811-FS PD.

A beam-dump is used to block the light reflected by the TFP, thus ensuring it does

not contribute to the intensity on the following round-trip. The voltage required to

maximize the transmitted power was 3.5 kV which corresponds to the half-wave voltage

of the PC.

The measured transmittance of the σ-polarised master light was used to calculate

the expected reflectivity of the π-polarised laser beam. The results are compared to the

output coupling predicted using Jones Matrices (detailed in Appendix C) as plotted
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in Figure 3.9. When no voltage is applied to the PC the laser will be in a high-loss

state as expected. As this voltage is increased the reflectivity increases and the laser

operates in a lower-loss state.
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Figure 3.9: Comparison of measured and predicted output-coupler reflectivity as a function
of the Pockels Cell voltage.

A plot of the PC temporal response when driven by a voltage of 2.2 kV is illustrated

in Figure 3.10. This response exhibits a slower than expected rise time within the first

50 ns, followed by an oscillation with a period of approximately 1 µs.
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Figure 3.10: Plot of the temporal response of the output-coupler reflectivity when driven with
a voltage of 2.2 kV. The HV monitor is the electrical signal sent to the PC.

To investigate the effect of this response on the Q-switching the time-dependent

output-coupler reflectivity is introduced into the numerical model. In this updated

model the output coupling is replaced by the time-dependent component Roc (t) and

equations 3.3-3.4 & 3.14-3.16 were solved as before. The predicted and measured pulses

are plotted in Figure 3.11.
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Figure 3.11: Predicted and measured forward-wave pulse in the unseeded case when slow
Q-switching is introduced into the model.

Thus, it appears that the PC oscillations are increasing the pulse build-up time,

which will decrease the pulse energy and peak power due to the additional losses. The

results for the injection-seeded laser are plotted in Figure 3.12.
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Figure 3.12: Predicted and measured forward wave pulses for the seeded laser when slow
Q-switching is introduced into the model.

In addition to a decreased pulse build-up time, we also observe dual pulsing. It is

clear that the first pulse arrives when the resonator is in a higher-loss state and thus

does not extract all the available gain. The residual gain is extracted by the second

pulse when the cavity loss decreases on a peak in the output-coupling oscillation. While

the DIAL system requires double pulses, relying on imperfect Q-switching to produce

the second could compromise system reliability.
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3.4 Preloaded Q-Switch

During the testing of the PC we observed that the optical output-coupling oscillation

was reduced at a lower applied voltage. To exploit this an intra-cavity QWP was

introduced as shown in Figure 3.13. By setting the optical axis of the QWP to 45◦

the polarisation at the PC is circular. Hence, with no applied voltage the resonator

operates at an output-coupling of 50%, which significantly reduces the voltage required

to reach threshold.
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Figure 3.13: A schematic of the slave cavity with an intra-cavity QWP.

To examine the effect of this intra-cavity QWP we repeat the output-coupling

characterisation detailed in Section 3.3. A plot of the output-coupling reflectivity as a

function of the PC voltage is shown in Figure 3.14.
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Figure 3.14: Comparison of measured and predicted output-coupler reflectivity as a function
of the Pockels Cell voltage when an intra-cavity QWP is introduced.

As expected, the output-coupler reflectivity is at 50% when no voltage is applied

to the PC, and the increases as the applied voltage increases. With this configuration

the output-coupling used in Section 3.3 can be achieved with a voltage of only 330 V.
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The difference in the temporal response between the initial output-coupling system

operating at VPC = 2.2 kV and the preloaded output-coupling system operating at

VPC = 330 V is shown in Figure 3.15. The intra-cavity QWP has thus significantly

reduced the oscillations in Roc while still allowing the same output-coupling reflectivity

to be reached.
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Figure 3.15: Comparison of the temporal response both without and with the intra-cavity

QWP. The inset graph highlights that the oscillations are still present on the pre-
loaded Q-switch but are significantly reduced as a fraction of the total output-
coupling.

3.5 Injection-Seeding Re-Characterisation

To investigate the effect of the intra-cavity QWP on injection-seeding we measured the

build-up time and heterodyne beat-frequency using the system outlined in Section 2.3.

The slave laser, operating at a PRF of 100 Hz, was injection-seeded with the Yenista

ECDL tuned to erbium line-centre λ = 1645.15 nm. An example of the seeded forward-

wave pulse and heterodyne beat signal measured using the GaGe digitiser is plotted

in Figure 3.16. Note the beat-note voltage exceeded the measurement range and is

hence clipped at ±1 V, this range was increased to resolve the complete beat-note in

subsequent measurements.

In comparison to the injection-seeding results presented in Section 2.6 we now ob-

serve a significant reduction in the build-up time for both the unseeded and injection-

seeded pulses. Due to the improved Q-switching stability there is a clear increase in

the injection-seeded pulse energy with no evidence of the unexpected dual pulsing be-

haviour. This measurement closely resembles the predicted injection-seeding behaviour

presented in Section 3.2.3.
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Figure 3.16: Comparison of the unseeded and seeded measured slave laser output with the
preloaded Q-switch topology.

We examined the seeding reliability by applying a 12.5 mHz ramp to the PZT to

sweep the slave cavity length through resonance. Both the build-up time and beat

frequency of 8,000 consecutive pulses were then measured on the GaGe digitiser. A

voltage threshold of 500 mV was applied to the beat-note to filter any background

signals which may occur off of resonance. The total sweep is plotted in Figure 3.17.
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Figure 3.17: A plot showing the build-up time and beat-frequency of the injection-seeded
slave laser with the preloaded Q-switch topology as it is swept through reso-
nance. The grey line represents the voltage applied to the PZT and is arbitrarily
scaled to fit within the plot.

We clearly resolve regions where a significant reduction in build-up time has oc-

curred. One of these regions is examined further in Figure 3.18. In comparison to the
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resonance scan presented in Chapter 2 we observe more structure in the build-up time

as the slave laser approaches and leaves resonance. However, the frequency noise of

the master laser limits the seeding reliability in this region.
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Figure 3.18: A plot showing the build-up time and beat-frequency of the injection-seeded
slave laser with the preloaded Q-switch topology on resonance.

The injection-seeding was further investigated by manually adjusting the voltage

applied to the PZT to enable consistent seeding and recording all pulses as the slave

laser drifted through and around resonance. The relationship between the build-up

times and the corresponding beat-frequencies of the seeded pulses is shown in Figure

3.19. Note that the build-up time is reduced in this measurement as the laser was

operating with a lower output-coupling.
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Figure 3.19: The relationship between the build-up time and beat frequency of the injection-
seeded preloaded Q-switch slave laser. Note this is not symmetric about the
minima as the low-frequency beat signals are heavily attenuated by a passive
band-pass filter with a centre frequency of 39 MHz.

This plot shows a relationship between the build-up time and beat frequency, with

seeding occurring if the frequency of the master and slave are not detuned by more than
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5MHz. Additionally, the minimum build-up time occurs for a beat frequency of 38 MHz,

which is offset from the 40 MHz AOM frequency due to an effect known as ‘cavity

mode pulling’, which has been observed in other injection-seeded laser systems [194].

A theoretical model by Bowers and Moody [195] predicted that this effect occurs in

systems where the round-trip time is significantly shorter than the build-up time, as

in our system.

The frequency change during the evolution of the seeded pulses was investigated

by applying a technique described by White et al. [196] - represented schematically in

Figure 3.20.
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Figure 3.20: Schematic representation of the frequency chirp Fourier analysis procedure. (a)
The measured beat note between the frequency shifted seed light and the slave
laser pulsed output. (b) The power spectrum of the beat note highlighting the
Hanning window applied to the main frequency component. (c) Applying the
inverse Fourier transform yields the instantaneous frequency finst of the pulse
relative to average beat frequency 〈fbeat〉.
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A typical beat-note and its Fourier transform are shown in Figure 3.20a and 3.20b.

Filtering the Fourier transform using a Hanning window and calculating its inverse

Fourier transform yields the band-pass-filtered time evolution of the magnitude E(t)

and phase φ (t). The instantaneous frequency of the beat-note finst(t) relative to the

average beat-frequency 〈fbeat〉 was then calculated using the following equation [197].

finst(t) =
1

2π

dφ

dt
− 〈fbeat〉 (3.20)

The typical instantaneous frequency is plotted in Figure 3.20c. We measure the

variation in finst(t) by applying a linear-fit to the profile and extracting the frequency

chirp rate

fchirp =
∆finst

∆t
(3.21)

where ∆t is the time period over which the linear-fit is applied, in this case the FWHM

of the pulse. The dependence of 〈fbeat〉 and fchirp on the pulse build-up time, for all

pulses that had a Fourier peak > 40 dB above the background, is plotted in Figure 3.21
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Figure 3.21: The relationship between the build-up time, beat frequency and frequency chirp
of the injection-seeded laser.

It thus appears that there were two classes of pulses; those which were slightly

down-chirped and those which were heavily up-chirped. The down-chirp is attributed

to a heating of the gain-medium caused by ground state phonons. Associated with

each photon emitted from the excited state is a phonon redistribution in the ground

state [198] - heating the crystal and causing an increase in the refractive index. This

can be related to the instantaneous frequency via the following [199].

finst(t) = − l

λ0

dn(t)

dt
(3.22)
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Hence, for dn/dt > 0 a natural down-chirp is expected.

It is also apparent that pulses which had the smallest build-up time for a given beat

frequency generally exhibited a small down-chirp of fchirp = −0.02 MHz/ns. Thus, we

use the frequency chirp as a metric for injection-seeding and filter all pulses which do

not exhibit a small-down chirp as shown in Figure 3.22. This results in a significantly

clearer relationship between the build-up time and corresponding beat frequency.
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Figure 3.22: The relationship between the build-up time, beat frequency and frequency chirp
of the injection-seeded laser. Signal processing has been used to remove all pulses
with a frequency chirp greater than −0.01 MHz/ns and less than −0.03 MHz/ns.

An effective servo could be designed to operate at the minima of this curve, en-

suring consistent injection-seeding. Whilst active control systems which maintain a

minimum build-up time have been presented in literature [200] to our knowledge the

pulse frequency chirp has not been used as an injection-seeding metric in a control

system. Although real-time Fourier analysis may be cumbersome on a general pur-

pose computer, advancements in Field Programmable Gate Arrays (FPGAs) [201] and

Time-to-Digital Converters (TDCs) [202] have made real-time frequency analysis feasi-

ble - enabling the possibility of a completely digital servo system based upon build-up

time, beat-frequency and frequency chirp. The limitations of such a servo system and

possible alternative solutions are discussed further in Chapter 4.

3.6 Conclusion

The numerical model of our injection-seeded laser system uncovered significant dis-

crepancies between experiment and theory caused by oscillations in the Pockels Cell.

An intra-cavity QWP was introduced to mute these oscillations and produce better

agreement with theory. Injection-seeded pulses were created on erbium line-centre at a
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PRF of 100 Hz, by measuring both the build-up time and beat frequency of each pulse

we observed significant structure as the slave cavity was swept through resonance. A

clear relationship between these two parameters was observed when they were plotted.

This was examined further by calculating the frequency chirp of the pulse, which acted

as a third metric for injection seeding enabling the structure of the resonance feature

to be further improved.
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Chapter 4

Systems for Reliable Dual

Wavelength Injection-Seeding

4.1 Introduction

Injection-seeding of a high-power slave laser with light from a single-frequency master

laser is a powerful technique for spectral control of the high-power laser. However,

injection-seeding will only occur if the frequency of the master and slave lasers are

close. To ensure stable injection-seeding a servo that minimises this frequency detuning

is thus required.

Airborne platforms can have large amplitude vibrations that disturb the resonant

frequency of the slave cavity. Measurements of the in-flight acceleration undertaken by

Richard White and Sarah Watzdorf of the University of Adelaide are shown in Figure

4.1. Resonant modes at frequencies exceeding 1 kHz are clearly resolved. We require

an injection-seeding servo system with a control bandwidth greater than 1 kHz.
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Figure 4.1: Acceleration amplitude spectral density measured in the vertical direction during
flight for a Cessna 404 Titan. A ASXL335 digital accelerometer was used.
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A variety of servo control systems have been reported. Servo systems that maintain

injection-seeding by minimising the pulse build-up time have been presented in liter-

ature [136–138]. However, the servo-bandwidth is limited to less than the repetition

rate of the laser when using this technique. Since significant accelerations are observed

at frequencies >100 Hz this method may not be suitable for injection-seeding of our

airborne laser.

The ‘ramp-and-fire’ technique devised by Henderson et al. [203] is commonly used to

injection-seed Q-switched laser systems. This method entails scanning the slave cavity

length using a PZT until resonant build-up of the injected light is detected, at which

point the Q-switch is opened. A disadvantage of this technique is that it introduces

pulse-to-pulse timing jitter, which may limit the accuracy of a DIAL system as it

requires close co-location of the online and offline pulses.

Two published Er:YAG systems have demonstrated successful injection-seeding us-

ing the ramp-and-fire technique. Ye et al. [204–206] report a Er:YAG ring-resonator

laser capable of producing 10mJ pulses at a PRF of 200 Hz when injection-seeded at

1645.287 nm by a 710 mW Non-Planar Ring Oscillator (NPRO). Yao et al. [207,208] re-

port a bow-tie Er:YAG resonator capable of producing 3 mJ pulses at a PRF of 100 Hz

when injection-seeded at 1645.24 nm by a 500 mW NPRO.

The Pound-Drever-Hall (PDH) or RF-reflection-locking [209] frequency stabilisa-

tion technique is commonly used to injection-lock a single-frequency laser to a cavity

or a CW slave resonator. Wulfmeyer et al. [210] first reported the application of

the PDH technique to a Q-switched laser: a thulium-doped Lu:YAG producing 2 mJ

pulses at 2 µm. In this system Q-switching was achieved using an AOM located within

a standing wave cavity.

Gibert et al. [151] later described a PDH locked Ho:YLF ring-cavity laser capable

of producing 12 mJ pulses at a PRF of 2 kHz and wavelength of 2 µm, using an intra-

cavity AOM Q-switch. These implementations of the PDH technique suffer from the

high losses in the low-Q state of the slave laser, limiting the subsequent error slope [211]

and hence the sensitivity of the system to frequency noise.

Ostermeyer et al. [212–214] attempted to overcome these limitations by implement-

ing an adapted PDH technique to an Nd:YAG ring-cavity laser, in which the resonator

is in a high-Q state between pump pulses. During this time, the PDH technique is

applied to obtain lock. When the pump diode is pulsed a ‘sample-and-hold’ circuit

is used to hold the laser at the lock point during the low-Q state. Using this scheme

the authors were able to obtain 20 mJ pulses at a PRF of 400 Hz and pulse-to-pulse

frequency reproducibility of sub-megahertz. However, the servo-bandwidth obtainable

using this technique is severely limited by the duration in which the cavity is kept in

low-Q mode [215], which in this instance was 200 µs.

Fibertek Inc. [110,111] reported an Er:YAG ring-resonator laser capable of produc-
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4.2. SLAVE LASER PDH SYSTEM

ing 2 mJ pulses at a PRF of 2 kHz injection-seeded using the PDH technique. Resonance

was monitored via the transmission through an intra-cavity PBS whilst the cavity is

in a low-Q state. As such, the error signal generated is due to interference between

only two round-trips of the master laser and is sinusoidal in shape. The authors report

reliable injection-seeding near methane line-centre at 1645.52 nm and, by switching

onto a second master laser, the capability for methane DIAL measurements. To ensure

successful injection-seeding of the second master laser the PDH servo has to re-acquire

lock, which takes upwards of 100 µs. This large temporal separation between the online

and offline wavelength would severely limit the sensitivity of an airborne DIAL system

that relied on ground scattering for a return signal.

In this chapter we investigate the feasibility of a ‘sub-threshold’ transmission PDH

seed architecture that overcomes the low-Q and low-bandwidth limitations of previous

Q-switched servo schemes. An outline of this chapter is as follows. Section 4.2 describes

the slave resonator, PDH electronics and the corresponding PDH error signal. The

development of a custom photodetector capable of monitoring the cavity resonance

whilst surviving the high-energy pulses is outlined in Section 4.2.1. The design of high-

bandwidth servo-systems for seeding using either a DFB or an ECDL master laser is

outlined in Section 4.3.

The reliability of injection-seeding is assessed using the build-up time, heterodyne

beat signal and optical spectrum in Section 4.4. This is divided into Sub-Sections 4.4.1

and 4.4.2 which describe injection-seeding with the DFB and ECDL master lasers

respectively. While both master lasers enable successful seeding at erbium line-centre

(λ = 1645.15 nm) it was found that only the narrow linewidth ECDL ensures consistent

seeding at methane line-centre (λ = 1645.55 nm).

To enable rapid switching between online and offline master lasers while maintaining

injection-seeding, I developed an Optical Phase Locked Loop (OPLL) scheme that locks

the offline master laser an integer number of slave laser free-spectral ranges from the

online master laser, as outlined in Section 4.5.

This chapter concludes in Section 4.6 with a characterisation of the dual-pulsed

injection-seeded laser system, highlighting the wavelength tunability of both the online

and offline laser pulses. For the readers reference a full-page diagram of the complete

reliable injection-seeded system is provided in Figure 4.36 on page 89.

4.2 Slave Laser PDH System

A schematic of the injection-seeded Q-switched slave laser is shown in Figure 4.2. The

QWP was introduced into the resonator in Chapter 3 to overcome instability in the

Pockels Cell by ‘pre-loading’ the Q-switch. This also increases the Q of the resonator

as only 50% of the π-polarised light from the gain medium is out-coupled each round-
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trip. Thus, injected light from the master laser is regeneratively amplified, creating a

sub-threshold pre-lase.
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Figure 4.2: Schematic of the PDH injection-seeding scheme highlighting (a) the pumped
Er:YAG ring-laser with the pre-loaded Q-switch topology, (b) the master laser
injection-arm and (c) the PDH locking electronics including a Bias-Tee (T),
Voltage-Controlled Oscillator (VCO), Low-Pass Filter (LPF), Proportional-
Integral (PI) controller and double-integrator (I2) controller.

The transmission of the ECDL master laser injected into the sub-threshold slave

resonator was measured as a PZT scanned the cavity length through multiple free

spectral ranges, as shown in Figure 4.3. We observe transmission peaks with a narrow

resonance width ∆s = 8 MHz separated by a free spectral range of ∆ν = 638 MHz

corresponding to a finesse F = 79.8.
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Figure 4.3: Resonance scan of the sub-threshold slave laser measured on a Newport 1811-FS
photodetector.
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The RF phase-modulation sidebands required for PDH servo-control are imposed

on the master laser by modulating the drive current at 40 MHz using a Mini-Circuits

ZOS-75+ VCO. These sidebands are transmitted through the slave resonator, creating

amplitude modulation sidebands if the frequency of the carrier is displaced from the

line-centre frequency of the slave resonator. These sidebands are measured using a high-

bandwidth photodetector (PD). The PDH error signal is produced by demodulating the

PD output to baseband using a Mini-Circuits ZFM-3-S+ mixer, the output of which

is Low-Pass Filtered (LPF) with a Mini-Circuits SLP-1.9+. This signal is processed

as described in Section 4.3 and used to control the frequency of the slave laser at

low-frequencies and the frequency of the master laser at high-frequencies.

4.2.1 A Photodetector for PDH Seeding

If successfully injection-seeded, the slave resonator will produce a forward-wave pulse

that is matched in wavelength, beam-pointing and polarisation to the master laser.

Hence, standard optical techniques cannot be used to separate the high-peak-power

pulse (≈10 kW) from the regeneratively amplified master laser transmission (≈10 mW).

To monitor the PDH modulation signal the photodetector must have a large dynamic

range (>120 dB) whilst also maintaining a high-bandwidth (>40 MHz). To our knowl-

edge there are no commercially available photodetectors capable of achieving these

specifications.

Whilst high-bandwidth, high-dynamic-range photodetectors have been reported in

literature, they either lack the bandwidth [216] or dynamic range [217–219] required.

The dynamic range can be increased by implementing a logarithmic amplification stage

using a non-linear device such as a Field-Effect Transistor (FET) [220–222], however,

this produces non-linear signals that are not suitable for PDH. Alternatively, a low dy-

namic range photodetector can be used by recognising that the forward-wave pulse can

saturate the photodetector provided that the saturation response time does not limit

the servo bandwidth. We decided to investigate the feasibility of a custom ‘saturating’

photodetector with the following specifications.

• High-bandwidth (BW>40 MHz) to resolve the PDH modulation signal.

• High-gain and low-noise to improve sensitivity

• Large area photodiode (φ > 1 mm) to limit peak intensity

• Quick recovery time following an overdriven pulse

The Transimpedance Amplifier (TIA) configuration is commonly used in the de-

sign of high-bandwidth photodetectors. However, when large area photodiodes are used

their large capacitance (Cpd > 100 pF) typically limits the photodetector bandwidth.
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In this case, a technique known as bootstrapping can be used to reduce the apparent

input capacitance and hence enhance the bandwidth [223]. A bootstrapped TIA based

upon work presented by Zhou et al. [224,225] is illustrated in Figure 4.4. The principle

of this technique is that a follower amplifier acts to keep the voltage difference across

the photodiode fixed, reducing the effective photodiode capacitance. In practice, the

photodiode capacitance is replaced by the significantly smaller capacitance of the fol-

lower amplifier. Whilst we did not require this photodetector to be DC coupled, it

proved to be simpler than implementing a resonant tank design.
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Rbias

Vbias (+3 V)

Rf (5 kΩ)

Cf (2.2 pF)

Vout

LMH6624

PD SD

2N2369

(500 Ω)(3 kΩ)
(1 µF)

Figure 4.4: The bootstrapped transimpedance amplifier circuit diagram.

To limit the peak intensity we propose to use the large-area Thorlabs FGA21 pho-

todiode; this has an active area of 3.1 mm2 and a capacitance Cpd = 100 pF. This is

reverse biased at a voltage Vbias which is coupled to the photodiode through Rbias.

The bootstrap is implemented using the Multicomp 2N2369 Bi-Polar Junction Tran-

sistor (BJT), forming a high-bandwidth, low-capacitance emitter follower stage. The

resistor capacitor pair (Re & Cd) correctly biases the emitter follower and couples the

AC signal across to the photodiode. This acts as the input stage for the transimpedance

amplifier formed using the LMH6624 operational amplifier, selected for its low-noise,

high-bandwidth specifications.

The feedback resistor Rf and capacitor Cf are set to 5 kΩ and 2.2 pF respectively to

ensure a sufficiently high transimpedance gain with a nominally flat frequency response.

The 1N4148W Shunt Diode (SD) is used to protect the op-amp input pins from high-

current surges; this low-capacitance device is able to short currents exceeding 1 A.

To ensure the required bandwidth enhancement was achieved, simulations were un-

dertaken in the open-source analog electronic circuit simulator SPICE [226, 227]. The

predicted transimpedance gain of both the bootstrapped and standard TIA configu-
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rations is plotted in Figure 4.5. This simulation shows a significant bandwidth en-

hancement to 60 MHz can be achieved by implementing the bootstrapped TIA, which

is sufficient for the PDH servo system.
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Figure 4.5: Predicted transimpedance gain of the bootstrapped and standard TIA configu-
rations with Rf = 5 kΩ, Cf = 2.2 pF, Re = 3 kΩ, Rb = 500 Ω and Cd = 1 µF.

A Printed Circuit Board (PCB) was designed and constructed using the simulation

parameters; an outline of the circuit design principles is given in Appendix E. To

confirm the bandwidth of the circuit, we measured the output voltage noise of the

photodetector, as the voltage noise of a TIA will exhibit significant roll-off past the

3 dB bandwidth (see Chapter 5 for more details).

The voltage noise was measured using the Agilent 89410A and Agilent N9320A

spectrum analysers. The measured noise spectrum is plotted in Figure 4.6, and indi-

cates a TIA bandwidth of approximately 60 MHz, as expected.
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Figure 4.6: Measured voltage noise of the bootstrapped TIA photodetector, the shaded grey
area represents the measurement noise floor.
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The photodetector must also exhibit a quick response when overdriven to minimise

the ‘dead-time’ where the cavity resonance cannot be monitored and enable high-

bandwidth control. Hence, we measured the photodetector recovery time by saturating

the photodetector with the pulsed slave laser. We define the recovery time as the time

required for the photodetector to return to within 5% of the initial output DC voltage.

The measured recovery time is illustrated below in Figure 4.7.
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Figure 4.7: Overdrive response time of the bootstrapped photodetector to a range of peak
power pulses, the inset graph illustrates the voltage output of the photodetector
when heavily overdriven.

We observe two separate response regimes; below a 10 mW peak power, the recovery

time is sub-microsecond, and above this power the recovery time increases significantly.

The increased recovery time is dominated by an exponential decay (see inset figure)

which we believe is caused by the capacitive discharge of the shunt diode. Based on

these results, the optical attenuation before the photodetector is set so that the recovery

time is approximately 10 µs. To our knowledge this ‘dead-time’ is significantly lower

than that achieved in other published Q-switched PDH systems, thus enabling higher

bandwidth control.

The required attenuation is sufficiently low to generate a low-noise PDH error signal

from the master laser resonance with a steady state pump of 20 W and a PC voltage of

0 V. As plotted in Figure 4.8 this error signal exhibits a steep linear region with a slope

Ds = 4.0×10−9 V/Hz. The width of the linear region is approximately ∆PDH = ±3 MHz

about laser gain centre, as would be expected from the linewidth measured in Figure

4.3. Thus, we expect a maximum frequency difference between light from the master

laser and that in the Q-switch pulse of a few megahertz, which is significantly less than

the width of the methane absorption line.
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Figure 4.8: Measured PDH error signal generated from sub-threshold slave cavity.

4.3 PDH Control System

A schematic of the servo control system is shown in Figure 4.9. The frequency dis-

criminator described in Section 4.2 generates an error signal with slope Ds which is

applied to two separate PI controllers; a high-dynamic-range, low-bandwidth controller

with transfer function PILF (f) which compensates for the low-frequency noise and

a high-bandwidth controller with transfer function PIHF (f) to suppress the broad-

band noise. We achieve low-frequency stabilisation using the slave cavity PZT and

high-frequency stabilisation by acting on the master laser current, which have transfer

functions APZT (f) and AML (f) respectively.

PI Controller
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Slave Laser
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I2 Controller
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Noise
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Figure 4.9: Equivalent block diagram of the PDH locking scheme highlighting; the discrimi-
nator, the PI controllers and the frequency actuators.

The servo reduces fluctuation in the frequency difference between the master and

slave lasers by the loop-gain G (f):

G (f) = GLF (f) +GHF (f) (4.1)
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where GLF (f) and GHF (f) represent the low-frequency and high-frequency control

loops, given by.

GLF (f) = Ds × PILF (f)× APZT (f) (4.2)

GHF (f) = Ds × PIHF (f)× AML (f) (4.3)

The following criteria must be met for stable control:

1. At the ‘cross-over frequency’ fc where |GLF (f)| = |GHF (f)| the slopes must

differ by less that 40 dB/decade. For good stability, a difference of 20 dB/decade,

which will result in a phase lag ∆φ = 90◦, is preferred [228].

2. At the ‘0 dB frequency’ fBW for which |G (fBW )| = 1, the phase lag must be less

than 180◦ [229]. Alternatively, this can be quantified using the phase margin.

φpm = 180◦ − | 6 G (fBW )| > 0◦ (4.4)

The closed-loop reduction in frequency difference is given by [230].

S (f) =
1

1 +G (f)
(4.5)

The closed-loop error noise can be calculated by multiplying the open-loop noise and

S (f), as examined further in Sections 4.3.3 and 4.3.4.

4.3.1 Master Laser Actuation

Current modulation provides a convenient means of direct Frequency Modulation (FM)

in semiconductor lasers. A change in current affects both the temperature and carrier

density in the active region, altering the refractive index and hence the resonant axial

mode frequency of the laser. Ideally, the current-to-frequency transfer function should

exhibit high gain with a flat phase response to facilitate broadband feedback with

minimal intensity modulation. Multiple techniques have been used to determine this

transfer function, these include the use of birefringent optical filters [231] or Mach-

Zender interferometers [232].

Alternatively, both the PDH and FM spectroscopy techniques provide a direct

means of measuring the current-to-frequency transfer function of a semiconductor laser

by using a Fabry-Perot cavity as a frequency discriminator. The PDH technique pro-

vides a high-linearity error signal used to calibrate voltage changes at the error point

to a frequency change. As discussed previously in Chapter 2, this has distinct advan-
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tages over the FM spectroscopy technique which uses the 3 dB point of the Fabry-Perot

reflection dip.

We measure the frequency actuation using the system illustrated in Figure 4.10.

This is adapted from the master laser frequency noise measurement introduced in Chap-

ter 2 and hence key components are not redefined. The transfer function is recorded

by directly modulating the injection current at Vin and recording the frequency change

at the error point Vout as the laser sits on resonance without active servo control.

Laser PBS QWP f+ Fabry-Perot

PD
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Figure 4.10: A schematic of the current to frequency transfer function measurement system.
For the ECDL a coupler (CPL) is introduced to combine the 40MHz LO signal
and the input modulation signal, this was not required for the DFB laser as
the module has two separate modulation ports. The inset graph illustrates the
output signal as the cavity is scanned across multiple resonance dips.

The frequency actuation of the ECDL master laser, recorded using the Agilent

89410A spectrum analyser, is plotted in Figure 4.11.
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Figure 4.11: Measured frequency actuation of the ECDL master laser.

This exhibits a low-frequency cut-off in actuation below 50 Hz as specified by the

manufacturer. Above 50 Hz there is a gradual decline in actuation; this is consistent
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with experimental and theoretical results [233, 234] which attribute this to thermal

effects within the diode structure. This roll-off flattens at approximately 1 MHz, where

the dominant actuation changes from thermal to carrier effects in the diode structure.

The frequency actuation of the DFB master laser, recorded using the Agilent

89410A spectrum analyser, is plotted in Figure 4.12. This exhibits an approximately

flat response in the low-frequency regime allowing DC frequency modulation. A notch

is clearly resolved at 10 kHz, we believe this is introduced by the manufacturer to re-

duce the increased frequency noise in this band. Above this frequency, we observe a

gradual decline in actuation up to 10 MHz.
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Figure 4.12: Measured frequency actuation of the DFB master laser.

4.3.2 Piezo Actuation

The transfer function of the piezo actuation, APZT , was estimated from the slave cavity

resonance scan, described in Section 4.2, and an electrical transfer function of the PZT

and its driver. The result is plotted in 4.13.
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Figure 4.13: Amplitude and phase transfer function of the slave cavity PZT and driver.
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The transfer function exhibits phase roll-off above a frequency of 1 kHz and an

electrical resonance at 30 kHz - suggesting an achievable low-frequency control band-

width of approximately 1 kHz. This transfer function estimate does not include the

mechanical resonances of the PZT actuator, which would further limit the bandwidth.

Specially designed PZT systems have been presented in literature to suppress resonant

features and enhance the control bandwidth [235,236]. However, such designs were not

required as the PZT actuator was only used for low-frequency control.

4.3.3 ECDL Servo Design

Since the ECDL actuation drops rapidly below 50 Hz and we wish to maximise the low-

frequency loop-gain, the PI controllers must be carefully designed to ensure stability

at the cross-over frequency. Thus, the low-frequency (PZT) controller has a unity-gain

frequency of 500 Hz, below which the gain increases as a double-integrator with a slope

of 40 dB/decade to maximize the suppression of low-frequency noise through the PZT

stage. The high-frequency (ECDL) PI controller has a proportional gain of -10 dB and

a corner frequency of 300 kHz. To ensure the low-frequency loop-gain dominates below

the cross-over frequency the gain is clamped at 30 dB and is hence proportional from

DC to 3 kHz, this is commonly referred to as a Low-Frequency Gain Limit (LFGL).

The predicted loop-gains GLF and GHF are shown in Figure 4.14.
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Figure 4.14: Predicted low-frequency (GLF ) and high-frequency (GHF ) loop-gains for the
ECDL servo lock.
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This loop-gain model shows a cross-over frequency fc = 250 Hz with a phase differ-

ence ∆φ = 143◦, and a 0 dB frequency fBW = 8.5 kHz with a phase margin φpm = 89◦.

The lock to the slave laser was implemented using the Liquid Instruments Moku:Lab

and the Newport LB1005 as the low-frequency and high-frequency controllers respec-

tively. The residual closed-loop frequency noise at the error point were measured using

the Agilent 89410A spectrum analyser. We compare this to the master laser noise

measured in Section 2.4.2 and the predicted residual noise in Figure 4.15. We observe

this control system suppresses the low-frequency master laser noise with a measured

control bandwidth of approximately 7.35 kHz as expected.

102

104

106

S
ν
(f

)
( H

z/
√

H
z)

100 101 102 103 104 105 106
0

2

4

6

Frequency (Hz)

∆
ν r
m
s

(M
H

z)

Figure 4.15: Measured frequency noise density of the unlocked and locked ECDL laser, the
dashed line represents the predicted frequency noise density. The RMS frequency
noise highlights the noise suppression achieved by implementing this control
system.

The predicted and measured closed-loop frequency noise agree above 1 kHz. How-

ever, the measured frequency-noise shows a significant servo hump at 10 kHz, suggesting

the predicted phase margin φpm = 89◦ may be an over estimate. There is also a servo

hump near the cross-over frequency, indicating that the phase difference of ∆φ = 143◦

is too large. At frequencies below 50 Hz, the measured closed-loop frequency noise

is significantly larger than that predicted. We attribute this discrepancy to the low-

frequency slave laser noise which was not accounted for during the measurement of the
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master laser noise.

The plotted RMS frequency noise shows that the control system significantly sup-

presses the low-frequency noise: reducing it from 6 MHz to approximately 1 MHz. Al-

though the model did not account for frequency noise contribution from the slave laser,

it appears its contribution to the RMS noise is perhaps negligible.

4.3.4 DFB Servo Design

The DC coupling and wider bandwidth of the DFB actuator simplifies the design of

the servo loop. The high-frequency (DFB) controller has a proportional gain of 8 dB

and a corner frequency of 1MHz. In this control scheme, the frequency corrections are

exclusively sent to the master laser current, eliminating the need for an intra-cavity

PZT. The predicted loop-gain is plotted in Figure 4.16.
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Figure 4.16: Predicted loop-gain of the DFB servo lock where error corrections are exclusively
fed-back to the master laser current.

This loop-gain model shows a 0 dB frequency fBW = 300 kHz with a phase margin

φpm = 64◦. The lock was implemented Newport LB1005 PI controller. The residual

frequency noise at the error point was measured using the Agilent 89410A spectrum

analyser as before. We compare this to the master laser noise measured in Section

2.4.2 and the predicted residual noise in Figure 4.17. We observe this control system

suppresses the broadband frequency noise of the DFB master laser. The control band-
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width is estimated to be approximately 300 kHz based upon the intersection between

the open-loop and closed-loop noise spectra, as predicted by the loop-gain model.
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Figure 4.17: Measured frequency noise density of the unlocked and locked DFB laser, the
dashed line represents the predicted frequency noise density. The RMS frequency
noise highlights the noise suppression achieved by implementing this servo.

Once again, we observe reasonable agreement between the predicted and measured

closed-loop noise above 1 kHz and below 1 kHz the loop-gain model suggests the DFB

noise should be further reduced. The measured residual noise exhibits narrow peaks

between 10 Hz and 100 Hz which may be evidence of resonant mechanical modes within

the slave laser.

The plotted RMS frequency noise shows this high-bandwidth control has reduced

the broadband noise of the DFB master laser from 16 MHz to approximately 8 MHz.

This is significantly broader than the suppressed linewidth of the ECDL servo de-

scribed in Section 4.3.3 and may limit the seeding efficiency, as examined in further

detail in Section 4.4.1. Alternative control schemes may be necessary to further reduce

this linewidth, commonly feedback to an Electro-Optic Modulator (EOM) is used to

suppress the high-density frequency noise present above 1 MHz [237, 238]. Although

this was not considered during this project, it may be applicable in future servo design

iterations.
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4.4 Reliable Single Pulse Injection-Seeding

Characterisation

We have observed that the transmission PDH control scheme enables the master laser

and a longitudinal mode of the slave laser to be locked tightly together. To ensure

successive injection-seeded pulses we also require this servo to maintain lock following

saturation by the forward wave pulse. We characterise the low-frequency temporal

response of the lock by monitoring the DC output of the bias-tee (Mini-circuits ZFBT-

4R2G+) positioned after the PDH photodetector (refer to Figure 4.2). A plot of the

response of the PDH servo to consecutive saturating pulses is shown in Figure 4.18.
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Figure 4.18: Response of the PDH servo to many saturating pulses when injection-seeded
with the ECDL master laser.

At time t = 0 ms the lock is engaged and we observe an increased DC voltage level

at the photodetector due to resonant amplification of the injected light within the slave

cavity. Soon after the Q-switch is opened and the forward wave pulse saturates the

photodetector. This pulse extracts a significant portion of the available gain, reducing

the population inversion and the amplification of the injected power. Hence, we observe

a decrease in the pre-lase power.

Following this, the transmission steadily increases as the gain medium is optically

pumped and it appears to reach a steady-state level in approximately 10 ms. This

behaviour is consistent with the optical pumping dynamics predicted in Chapter 3.

We can infer that the lock is successfully maintained as the photodetector voltage

reaches the same level as that maintained before the Q-switched pulse. This behaviour

is also reproducible over consecutive pulses, suggesting this technique is suitable for

reliable injection-seeding at a pulse repetition frequency of 100 Hz.

To quantify the quality of injection-seeding, we apply the build-up time criteria

discussed in Section 2.3.2. Recall that we consider the pulse to be ‘seeded’ if it is
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over before the pulse that evolves naturally from spontaneous emission can extract

a significant amount of energy. By defining the natural build-up time τn, the pulse

FWHM τp and seeded build-up time τs this criteria can be expressed as:

τs < τn − τp (4.6)

A set of injection-seeded pulses were recorded on the GaGe digitisation system for

an observation time of 90 s, after which the lock was disengaged and a final 10 s of

data was recorded to determine the natural build-up time and pulse width. In parallel,

we recorded the heterodyne beat signal and we measure the optical spectrum of the

slave laser using the HP70004a OSA with a resolution bandwidth of 0.08 nm, a video

bandwidth of 10 Hz and a sensitivity of -90 dBm.

4.4.1 Injection-Seeding with the DFB Laser

The properties of the pulses produced by the slave laser when injection-seeded by the

DFB master laser at the erbium line-centre wavelength of λ = 1645.15 nm are plotted

in Figure 4.19.
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Figure 4.19: Pulse properties of the Er:YAG laser seeded using the DFB master laser operat-
ing at λ =1645.15 nm. (a) Histogram of the measured build-up time distribution
with a bin size of 5 ns, highlighting the high proportion of pulses which are seeded
compared to those which are unseeded. (b) Histogram of the heterodyne fre-
quency for beat signals with an amplitude > 0.15 V. The distribution has a bin
size of 0.5 MHz and the solid line represents the fitted Gaussian distribution.

We observe a distribution of build-up times centred around 500 ns. Based on the

build-up time criterion 97.3% of the pulses were seeded. Furthermore, 99.9% of the

pulses collected produced heterodyne beat signals with an amplitude greater than

150 mV. These heterodyne beats shows a broad distribution centred at 40.3 MHz with
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a standard deviation of 9.62 MHz. The high seeding efficiency is further highlighted by

the spectral output plotted in Figure 4.20. This exhibits a narrower output centred at

the master laser wavelength of λ = 1645.15 nm, suggesting less longitudinal modes are

running.
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Figure 4.20: Measured spectra of the Er:YAG laser injection-seeded using the DFB master
laser operating at λ =1645.15 nm compared to the free-running spectral output.

The properties of the pulses produced by the slave laser when injection-seeded by

the DFB master laser on the methane wavelength of λ = 1645.55 nm are plotted in

Figure 4.21.

0.6 0.7 0.8 0.9 1 1.1
0

200

400

600

τn

τp(a)

Build-Up Time (µs)

C
ou

n
ts

20 40 60
0

50

100

150

200

2σ

(b)

Beat Frequency (MHz)

Figure 4.21: Pulse properties of the Er:YAG laser seeded using the DFB master laser operat-
ing at λ =1645.55 nm. (a) Histogram of the measured build-up time distribution
with a bin size of 5 ns, highlighting the high proportion of pulses which are seeded
compared to those which are unseeded. (b) Histogram of the heterodyne fre-
quency for beat signals with an amplitude > 0.15 V. The distribution has a bin
size of 0.5 MHz and the solid line represents the fitted Gaussian distribution.

Only 59.3% of the pulses satisfy the build-up time criterion and 46.5% of the pulses

collected produced heterodyne beat signals with an amplitude greater than 150 mV.
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These heterodyne beats exhibit a normal distribution centred at 40.2 MHz with a stan-

dard deviation of 5.06 MHz. In comparison to the erbium line-centre seeding data it is

evident that less pulses are considered seeded - suggesting that the pulse is commonly

developing from spontaneous emission. Theoretical studies have noted that the con-

ditions for injection-seeded off line-centre are stricter as the injected field observes a

lower round-trip gain [239].

This can be overcome by increasing the power of the master laser injected into

the slave laser longitudinal mode. To successfully seed other injection-seeded Er:YAG

laser system have required a master laser power of 500 mW [204–208]. Alternatively, a

narrower linewidth source would ensure more of the injected power contributes to pulse

build-up and improves the seeding efficiency. We believe that the broad-linewidth of

the DFB master laser limits its effectiveness at injection-seeding off line-centre.

The slave laser spectral output, plotted below in Figure 4.22, further highlights the

poor seeding efficiency. This measurement represents the average spectral output of

multiple pulses because the measurement time of the OSA is much greater than the

repetition rate of the laser. We observe evidence of pulses lasing at both the master

wavelength and line-centre, which is further indication of inconsistent injection-seeding.
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Figure 4.22: Measured spectra of the Er:YAG laser injection-seeded using the DFB master
laser operating at λ =1645.55 nm compared to the free-running spectral output.

4.4.2 Injection-Seeding with the ECDL

The properties of all pulses produced by the slave laser when injection-seeded by the

ECDL master laser at the erbium line-centre wavelength of λ = 1645.15 nm are plotted

in Figure 4.23. We observe that all pulses were seeded according to the build-up

time criteria, with a narrow distribution of build-up times centred at 630 ns, which is

significantly reduced in comparison to the free-running build-up time. All heterodyne

beat signals measured had an amplitude exceeding 150 mV, these beats exhibit a normal

distribution centred at 37.13 MHz with a standard deviation of 0.375 MHz.
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Figure 4.23: Pulse properties of the Er:YAG laser seeded using the ECDL master laser operat-
ing at λ =1645.15 nm. (a) Histogram of the measured build-up time distribution
with a bin size of 5 ns, suggesting that all pulses were seeded. (b) Histogram of
the heterodyne frequency distribution with a bin size of 0.1 MHz, the solid line
represents the fitted Gaussian distribution.

An alternative means of illustrating the improved seeding performance is achieved

by repeating the frequency chirp analysis outlined in Chapter 3. The relationship

between the pulse build-up time, beat frequency and chirp rate is plotted in Figure

4.24. This exhibits a tight grouping of both the beat-frequency and build-up time,

which is indicative of successful injection-seeding. Furthermore, all pulses are down-

chirped with an average value of fchirp = −0.01 MHz/ns.
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Figure 4.24: The relationship between the build-up time, beat frequency and frequency chirp
of the slave laser injection-seeded at λ = 1645.15 nm using the ECDL.

Injection-seeding at the methane wavelength of λ = 1645.55 nm was attempted

using the ECDL master laser. All corresponding pulse properties are plotted in Figure
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4.25. Once again, we observe a significant reduction in build-up time suggesting that

all pulses are seeded based upon the build-up time criterion. The two distinct peaks

in the histogram are attributed to a change in slave laser output power that occurred

during the observation time. All heterodyne beat signals measured had an amplitude

exceeding 150 mV. These exhibit a normal distribution centred at 37.02 MHz with a

standard deviation of 0.435 MHz, which is larger than for seeding at λ = 1645.15 nm

but still much less than for the DFB master laser.

0.6 0.7 0.8 0.9 1
0

200

400

600

800

τn

τp

(a)

Build-Up Time (µs)

C
ou

n
ts

35 36 37 38 39
0

200

400

600

800

2σ

(b)

Beat Frequency (MHz)

Figure 4.25: Pulse properties of the Er:YAG laser seeded using the ECDL master laser operat-
ing at λ =1645.55 nm. (a) Histogram of the measured build-up time distribution
with a bin size of 5 ns, suggesting that all pulses were seeded. (b) Histogram of
the heterodyne frequency distribution with a bin size of 0.1 MHz, the solid line
represents the fitted Gaussian distribution.

The spectral output of the injection-seeded and free-running slave laser are plotted

in Figure 4.26.
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Figure 4.26: Measured spectra of the Er:YAG laser injection-seeded using the ECDL master
laser operating at λ =1645.55 nm compared to the free-running spectral output.
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We observe reliable seeding at the master wavelength of λ = 1645.55 nm suggesting

more robust injection-seeding is capable using the ECDL master laser.

4.5 An Optical Phase Locked Loop

A Phase Locked Loop (PLL) is a feedback system that enables an oscillator to be

phase synchronised to a reference oscillator with a tunable offset frequency. Since this

technique was first demonstrated in 1965 [240] it has been applied in numerous fields

including microwave photonics [241,242], spectroscopy [243] and astronomy [244]. The

optical counterpart, known as the Optical Phase Locked Loop (OPLL) has been applied

by Gibert et al. [245] for an injection-seeded CO2 DIAL system and by Hamilton et

al. [246–248] for a water-vapour DIAL system.

We propose to use an OPLL to lock the online laser with a frequency offset of an

integer number of free-spectral ranges. This will ensure that both master lasers are

continuously locked to the slave cavity, allowing spectral control of both the online and

offline pulse. The online and offline wavelengths for the methane DIAL are compared

to the dominant absorption lines near λ = 1645 nm in Figure 4.27.
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Figure 4.27: The absorption lines of CH4 and H2O near the Er:YAG emission line calculated
using the HITRAN 2012 database for an observer at a range of 1 km. The
proposed online and offline wavelengths are illustrated by the dashed lines.

To ensure a high measurement sensitivity, an offline wavelength λoff = 1645.39 nm

was carefully chosen to avoid the nearby water absorption line. This corresponds to a

15.95 GHz frequency offset (or alternatively a N = 25 FSR spacing) from the online

wavelength of λon = 1645.55 nm. Crucially this frequency offset does not exceed the

capabilities of commercially available RF electronics.

OPLL systems operating near this frequency offset using commercially available

electronics have been presented in literature [249–251]. We follow a similar approach

in our system, which is illustrated schematically in the Figure 4.28. Both lasers are
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combined onto a 12.5 GHz bandwidth InGaAs photodetector (Newport 818-BB-35F).

Following this, an amplifier is used to compensate for the reduced gain of the pho-

todetector, increasing heterodyne beat power to -12 dBm. This power level is within

the recommended operating range of the N = 8 frequency dividers (Analog Devices

HMC494) which reduce the heterodyne beat to 250 MHz. A N = 80 frequency divider

(ON Semiconductor MC12080) then reduces the beat to 3.125 MHz and high frequency

harmonics are filtered using a LPF. By dividing down to the MHz regime we can use

the RIGOL DG1022 waveform generator, this can output a low-phase noise sine wave

(-108dBc/Hz at 10kHz) with a tunable centre frequency. The resultant heterodyne

beat is compared with a frequency reference via a mixer, generating a phase error

signal which can be fed-back to the laser through a PI gain stage.
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Figure 4.28: A schematic of the OPLL system, a Spectrum Analyser (SA) monitors the het-
erodyne beat signal.

To suppress relative phase noise φn, this system requires the laser to be capable of

broadband feedback. The only available candidate for this is the DFB, which as noted

previously has a broad linewidth. Additionally, to phase lock the two laser sources,

the loop bandwidth must exceed the sum of the laser linewidths. For broad linewidth

sources this imposes severe limitations on the OPLL design to ensure minimal phase

delay in the system [252, 253]. In the case where this requirement is not met then the

amount of residual phase noise 〈φn〉 is determined by the ratio of the laser linewidth

to the OPLL bandwidth [254]. If 〈φn〉 is too large then it may throw the loop out of

lock, causing the phase to slip multiple cycles [255].

Typically this issue is overcome by using a large amount of frequency division as this

averages out any high-frequency noise present within the loop, improving the stability
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of the OPLL by lowering the probability of phase slipping. However, as the loop

cannot measure high-frequency changes in phase it cannot correct for them, limiting

the maximum achievable bandwidth.

The OPLL used a PI stage with a proportional gain of +20 dB and an integral

corner of 100 kHz, which is classified as a Type II loop [256]. This was optimised by

monitoring the spectral purity of the 250 MHz heterodyne beat on a RIGOL DSA710

spectrum analyser, an example of which is plotted in Figure 4.29.
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Figure 4.29: Spectrum of the unlocked and locked heterodyne signals divided by N = 64,
measured with a RBW = 1 kHz, VBW = 1 kHz and Navg = 25.

This spectrum exhibits a large reduction in the linewidth and increase in power at

the beat frequency, which is indicative of a successful lock. The peaks on either side of

the beat frequency are a measure of the loop bandwidth, suggesting a loop bandwidth

of fBW = 200 kHz.

The tunability of the frequency offset, to ensure it is at an integer number of

free-spectral ranges, was tested by continuously tuning the frequency reference. As

illustrated in Figure 4.30 the centre-frequency can be tuned with minimal observable

difference in the lock performance.
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Figure 4.30: Spectra of the locked heterodyne signals as the frequency offset is tuned, mea-
sured with a RBW = 1 kHz, VBW = 1 kHz and Navg = 25.
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4.6 Dual-Pulse Injection-Seeded System

We described in the previous section, a technique for simultaneously locking both the

online and offline master lasers to the slave cavity. In this section we will describe how

both master lasers are coupled into the slave cavity to produce two injection-seeded

pulses separated by 2.5 µs.

4.6.1 Master Wavelength Switching

For dual-pulse injection-seeding we require a means of quickly switching between the

online and offline master lasers and minimising the temporal separation of the resulting

online and offline pulses. We chose to use an AOM switch (Brimrose OS-2-1-1645-

100/FFE-100-BT-F1-X/RM PM) capable of switching two fibre-coupled inputs into

one output, using a Transistor-Transistor Logic (TTL) signal. It has a specified prop-

agation delay time of 1 µs, a switching time of 200 ns, an insertion loss of <3 dB and

60 dB isolation between the input channels.

Characterisation of both switch inputs in the temporal domain was undertaken

using the ECDL master laser connected to one input and a fiber-coupled photodetector

(Thorlabs DET01CFC) connected to the output. The results are plotted in Figure 4.31.

We measured an insertion loss of -4.58 dB on channel 1 and -7.90 dB on channel 2, both

of which are higher then specified. The propagation delay relative to the input TTL

signal was measured to be 1.8 µs for channel 1, and 0.8 µs to begin connecting channel

2 but an extra 1 µs to complete the switching. The offset of these propagation delay

times leads to a 1 µs window where both master lasers will be coupled into the slave

cavity but since the pulse build-up time is less than 1 µs the first pulse should seed on

the channel 1 master laser.
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Figure 4.31: Characterisation of the AOM switch showing the response of channel 1 and
channel 2 to the TTL input signal, the dashed black line represents the input
power level and is used to measure the insertion loss.
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The timing diagram is plotted in Figure 4.32. Initially, the channel 1 master laser is

connected to the output while pumping, providing an error signal for the PDH locking

servo described in Section 4.3. At time t = 0 µs the voltage on the PC is increased,

increasing the slave laser Q and enabling an injection-seeded pulse to develop from the

online master laser. The TTL signal is switched low, triggered by the rising edge of

the PC voltage to account for the propagation delay of the AOM switch.

At time t = 2.5 µs the PC is switched to a low-Q state to dump any remaining λon

photons. At about this time the switching of the channel 2 master laser to the output

is complete and the slave laser Q is further increased, enabling a pulse to develop from

the offline master laser which is locked to the slave cavity using the OPLL system

described in Section 4.5.

Once the offline pulse has been produced, the TTL signal is switched high to re-

inject the online master laser into the cavity, enabling the PDH lock to be maintained.

This timing diagram suggests we can achieve a pulse separation of ≈ 2.5 µs.
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Figure 4.32: Timing of the TTL voltage signal, Q-switch and master laser switching. The
shaded areas represent the arrival times of the online and offline seeded pulses.
A digital delay generator (Stanford Research Systems DG645) is used to adjust
the timing of the TTL signal triggered by the PC voltage rising edge.
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4.6.2 Dual-Pulse Characterisation

The PDH lock and OPLL were engaged and the slave laser was operated in the dual-

pulsed configuration with a PC voltage of 310 V and 450 V for the first and second pulse

respectively. The OPLL frequency offset was tuned to produce the largest reduction in

build-up time of the offline pulse. This occurred for a frequency offset of 3.11474 MHz,

corresponding to a 15.947 GHz offset after accounting for the total frequency division.

We recorded forward-wave pulses and heterodyne beat signals for 2500 consecutive

pulse-pairs using the GaGe data-acquisition system. An example of one is plotted in

Figure 4.33. We observe two pulses separated by a time of 2.3 µs both of which have a

corresponding heterodyne beat signal.
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Figure 4.33: Time-trace of the dual-pulsed injection-seeded slave laser forward wave and het-
erodyne beat signals, the first pulse is locked online at λ = 1645.55 nm while the
second pulse is locked offline at λ = 1645.39 nm.

Histograms of pulse build-up time and beat frequency are plotted in Figure 4.34.

As expected, the online pulses build-up faster and have a narrower range of beat-

frequencies, as the ECDL master laser has a narrower linewidth than the offline DFB

master laser. These results are consistent with the single-pulse injection-seeding data

presented in Sections 4.4.1 & 4.4.2 and suggests the online and offline pulses are being

injection-seeded by the corresponding master lasers.

86



4.6. DUAL-PULSE INJECTION-SEEDED SYSTEM

0.7 0.8 0.9 1 1.1
0

100

200

300
(a)

Build-Up Time (µs)

C
ou

n
ts

20 30 40 50
0

100

200

300
(b)

Beat Frequency (MHz)

Figure 4.34: Properties of the online and offline pulses of the dual-pulsed injection-seeded
Er:YAG system. (a) Histogram of the measured build-up time distribution with
a bin size of 5 ns. (b) Histogram of the heterodyne frequency distribution with
a bin size of 0.1 MHz.

Lastly we measure the optical spectra of the dual-pulsed slave laser and compare it

the combined spectra of the online and offline master lasers as plotted in Figure 4.35.

We can clearly resolve two separate spectral peaks which coincide with the online and

offline master wavelengths, further confirming both pulses are successfully injection-

seeded.
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Figure 4.35: Measured optical spectra of (a) the online and offline master lasers & (b) the
dual-pulsed injection-seeded slave laser measured using the HP70004a OSA.
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4.7 Conclusion

In this chapter we have described the development of a dual-pulsed injection-seeded

laser capable of producing two pulses; one tuned onto a methane absorption line of

λon = 1645.55 nm and the other tuned off to λoff = 1645.39 nm. This was achieved by

implementing a PDH injection-locking scheme which enabled high-bandwidth locking

of a low-power master laser to a Q-switched slave cavity capable of producing 1.2 mJ,

105 ns pulses at a PRF of 100Hz. Crucially, a custom 60 MHz bandwidth photodetector

was designed and constructed which was capable of resolving the PDH sidebands whilst

recovering in 10 µs after a high peak-power pulse.

To lock the master laser to a resonant mode of the slave cavity we implemented

a hybrid control scheme whereby low-frequency corrections are achieved using a PZT

actuator in the slave laser whilst high-frequency corrections are achieved by acting on

the master laser current. Using this scheme we locked both the ECDL and DFB master

lasers with a measured control bandwidth of 7.35 kHz and 300 kHz respectively, both

of which are consistent with the servo model presented in this chapter.

Reliable single pulse injection-seeding was attempted using both master lasers at the

erbium line-centre wavelength of 1645.15 nm and the methane line-centre wavelength

of 1645.55 nm. Whilst both were able to reliably injection-seed at the erbium line-

centre wavelength, only the narrow-linewidth ECDL master laser was able to reliably

injection-seed at the methane line-centre wavelength. Hence, this source is used as the

online master laser.

We then implemented an OPLL to lock the DFB master laser 15.947 GHz from

the ECDL master laser. This frequency separation corresponds to an integer number

(N = 25) of slave cavity FSRs and enables both the online and offline master lasers

to be simultaneously locked to the slave cavity. A high-order of frequency division

(Ndiv = 5120) was used to divide the heterodyne beat signal of the two lasers down to

the MHz frequency regime, allowing an easily tunable waveform generator to be used

to precisely adjust the frequency offset.

To quickly switch between the online and offline master lasers we used an AOM

switch, unfortunately this device showed an unforeseen delay in the switching response

which caused a 1 µs period in which both the online and offline master lasers were

injected into the slave resonator. By carefully delaying the timing of the optical switch

relative to the Q-switch we were able to circumvent this limitation and produce two

injection-seeded pulses separated by 2.3 µs. To our knowledge this is the smallest

temporal separation of two separate wavelength pulses produced from a single source

and will enable high sensitivity DIAL measurements of methane.
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Chapter 5

A High-Sensitivity IPDA LIDAR

Detection System

5.1 Introduction

Integrated Path Differential Absorption (IPDA) LIDAR is a powerful remote sensing

technique for monitoring leaks from methane pipelines. In order to better predict the

location of low-leak sources and constrain the emission budget of natural gas providers a

high sensitivity is required. We quantify the measurement sensitivity using the Signal-

to-Noise Ratio (SNR). In this chapter we describe the design of an IPDA LIDAR

receiver system which aims to minimise the statistical error on the methane concen-

tration, or alternatively maximise the SNR. Using the atmospheric sensing capabilities

of our laboratory, a ground-based LIDAR test system is demonstrated to measure the

background concentration of methane at a range of 300 m.

A block diagram of the IPDA LIDAR system described in this chapter is illustrated

in Figure 5.1.

Transmitter
Transmitter

Optics

Receiver
Optics

A
tm

osp
h
ere

Signal
Detector

Reference
Detector

ADC/Signal
Processing

Signal Output

Hard
Target

Figure 5.1: A block diagram of the complete IPDA LIDAR test system.

The properties of the dual-wavelength transmitter are described in Section 5.2. To

resolve the transmitted and returned LIDAR pulses we developed matching low-noise

‘reference’ and ‘signal’ photodetectors, detailed in Section 5.3. In Sub-Section 5.3.1
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we review available photodetector components, Sub-Sections 5.3.2 & 5.3.3 describe

mathematical models of photodetector stability and noise, finally Sub-Section 5.3.4

details the measured noise of the photodetector. In-lab measurements, detailed in

Section 5.4, enabled the photodetector contribution to system noise to be characterised

under ideal conditions. This Section also describes the signal processing techniques

used to reduce the measurement noise.

In Section 5.5 we describe the transmitting optics which ensure eye-safe operation

and the receiving optics used to efficiently focus the back-scattered return signal onto

the photodetector. A sensitivity model that uses the instrument parameters of the

transmitter/detection system is introduced in Section 5.6 to predict the methane mea-

surement sensitivity under realistic conditions. This chapter concludes in Section 5.7

with a ground-based IPDA LIDAR measurement of the background concentration of

methane over the city of Adelaide, Australia on 02/04/2019 at 10:45AM. The concen-

tration was measured to be 1.979 ppm with a standard deviation of 0.124 ppm.

5.2 The Transmitter System

The IPDA LIDAR transmitter, described in Chapters 2-4, consists of a 1.2 mJ, 105 ns,

100 Hz Er:YAG laser injection-seeded by two CW lasers to produce two pulses at

λon =1645.55 nm and λoff =1645.39 nm separated temporally by 2.3 µs. The absorption

cross-sections of dominant atmospheric constituents near these wavelengths is plotted

in Figure 5.2.
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Figure 5.2: Absorption cross-section of dominant atmospheric constituents near 1645 nm at
a temperature of 296 K from the HITRAN 2008 database [257]. The online and
offline wavelengths of the IPDA LIDAR transmitter are also illustrated.
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The methane absorption cross-sections are σon = 1.47 × 10−20 cm2 and σoff =

3.79×10−22 cm2 [257]. Clearly, the online absorption is predominantly due to methane

whilst the offline wavelength absorption is orders of magnitude weaker. Absorption of

interfering molecules can be neglected as their cross-sections are approximately equal

at the online and offline wavelengths [258].

5.3 Signal & Reference Photodetectors

To maximise the sensitivity of the DIAL system the photodetectors must have a wide

bandwidth and low noise. Typically this is achieved using a reverse-biased photodiode

with a wideband transimpedance amplifier (TIA), as shown in Figure 5.3.

−

+
Photodiode

Vbias

Rf

Cf

Vout

Figure 5.3: A typical photodiode and transimpedance amplifier circuit schematic where Vbias

is the reverse-bias voltage, Rf is the feedback resistor and Cf is the feedback
capacitor.

This is the most straightforward implementation of a transimpedance amplifier.

However, there are significant design challenges in the form of trade-offs between band-

width, noise, gain, power dissipation and stability. Rigorous mathematical models of

the TIA have been presented in literature [259,260] and as such a complete mathemat-

ical derivation is not necessary. Instead, a summarised model will be presented that

will allow the gain, bandwidth and noise of the photodetector to be optimised for an

airborne LIDAR system.

5.3.1 TIA Photodetector Components

We considered three amplifiers produced by Texas Instruments : the OPA657, OPA847

and LMH6624, all of which have high bandwidth, low current noise and low voltage

noise. We also considered a range of commercially available Indium Gallium Arsenide

(InGaAs) photodiodes that exhibit responsivity in the 1.6 µm wavelength band [261];
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the FGA10 and FGA21 from Thorlabs Inc. and the G12180-020A from Hamamatsu.

A comparison of all components is given below in Table 5.1.

Parameter Symbol OPA657 OPA847 LMH6624

Input Type - FET BJT BJT
Package - SOIC SOIC SOIC
Supply Voltage (V) Vs ±5 ±5 ±5
Input Bias Current (µA) Ibias 2×10−6 -19 13
Gain-Bandwidth (GHz) GBW 1.6 3.9 1.5
DC Open Loop Gain (dB) ADC 70 98 81
Input Capacitance (pF) Cin 5.2 1.7 1.7

Voltage Noise (nV/
√

Hz) ṽamp 4.8 0.85 0.69

Current Noise (fA/
√

Hz) ĩamp 1.3 2500 2600

Parameter Symbol FGA10 FGA21 G12180-020A

Active Area Diameter (mm) � 1 2 2
Wavelength Range (nm) λrange 900-1700 800-1700 900-1700
Dark Current (nA) Id 1.1 50 7.5

Noise Equivalent Power (pW/
√

Hz) NEP 0.25 0.60 0.75
Photodiode Capacitance (pF) Cpd 80 100 250
Responsivity (A/W) < 1.05 1.04 1.10
Rise Time (ns) - 10 25 -

Table 5.1: Comparison of commercially available operational amplifiers and photodiodes suit-
able for use in a high-bandwidth, low-noise transimpedance amplifier.

Evidently the OPA657 has significantly lower current noise, as is typical of Field-

Effect Transistor (FET) amplifiers, and also minimal bias current. Critically, FET

amplifiers also have a larger specified voltage noise, which ultimately dominates the

total output noise as discussed later. In comparison to FET amplifiers, the Bi-Polar

Junction Transistor (BJT) amplifiers have a reduced voltage noise. We use the OPA847

in early circuit design iterations as it has an increased gain-bandwidth.

The receiver field-of-view is maximised, thereby loosening restrictions on the focus-

ing optics and increasing the return signal strength, by using larger area photodiodes.

However, there are trade-offs with both the photodiode capacitance (Cpd) and dark

current Id that can limit the bandwidth and noise of the TIA. We use the Hamamatsu

G12180-020A photodiode as it has much less dark current than the FGA21.

5.3.2 TIA Photodetector Stability Model

To model the TIA we introduce an equivalent circuit shown below in Figure 5.4. In

this equivalent circuit the photodiode is replaced by a current source Iin in parallel with

a diode capacitance Cpd.
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−

+
Iin

CpdVbias

Rf

Cf

Vout

Figure 5.4: The equivalent transimpedance amplifier circuit.

The open-loop gain AOL is dependent on the operational amplifier and is given by [262]:

AOL(f) =
ADC(

1 + j f
fBW

)(
1 + j f

fpole

) (5.1)

where ADC is the DC open-loop gain, fBW is the open-loop bandwidth and fpole is a

high frequency pole. The feedback to the amplifier input HFB is given by:

HFB(f) =
Zin

Zf + Zin
(5.2)

where Zf is the impedance of the feedback components and Zin is the input impedance.

Thus, the closed-loop gain of the amplifier ACL is given by:

ACL(f) =
AOL

1 + AOLHFB

=
AOL

1 + ALoop
(5.3)

where ALoop = AOLHFB. The phase margin at 0 dB loop-gain is given by [229]:

φpm = 180◦ − | 6 (ALoop = 0 dB)| (5.4)

For good stability and minimum noise peaking we require φpm ≈ 90◦. The tran-

simpedance gain, Z0, which describes how an input current is amplified to a voltage at

the transimpedance amplifier output, is given by:

Z0(f) =
ACL × Zf
1 + Zf/Zin

(5.5)

For stable measurements of the LIDAR return signal we require the transimpedance

gain to have a 3 dB bandwidth exceeding 10 MHz and exhibit minimal gain-peaking. To

optimise this we plot the loop-gain and transimpedance gain with Cf = 0 pF in Figure

5.5. The loop-gain intersects unity-gain at a frequency of 18 MHz with a corresponding
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phase margin of 0◦. This causes peaking in the transimpedance gain which will lead to

significant instability and noise.
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Figure 5.5: Predicted loop-gain and transimpedance gain of a TIA photodetector formed
using the OPA847 op-amp and G12180-020A photodiode for Rf = 10 kΩ and
Cf = 0 pF.

To improve the phase margin we add a feedback capacitor Cf = 1.5 pF which intro-

duces an additive phase shift to compensate for the input photodiode capacitance, as

plotted in Figure 5.6.
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Figure 5.6: Predicted loop-gain and transimpedance gain of a TIA photodetector formed
using the OPA847 op-amp and G12180-020A photodiode for Rf = 10 kΩ and
Cf = 1.5 pF.
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The addition of the feedback capacitor increases the phase margin to 60◦ and min-

imises transimpedance gain peaking. The corresponding 3 dB bandwidth is 18 MHz,

which exceeds the bandwidth required to resolve the transmitted pulse.

5.3.3 TIA Photodetector Noise Model

The availability of detailed noise spectral density characteristics for commercially avail-

able operational amplifiers allows for accurate noise analysis under a variety of circuit

configurations. A simple but adequate noise model of the transimpedance amplifier is

illustrated in Figure 5.7.
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Cpd i thrm i shot iamp

v amp

Rf

Cf

Vout

Figure 5.7: Noise model of the TIA photodetector [262].

We consider three sources of current noise; thermal, shot and amplifier noise, all

of which are treated identically. These noise sources appear in parallel with the signal

current and thus are scaled by the transimpedance gain Z0. The only noise source that

is treated differently is the amplifiers voltage noise vamp. Since the amplifier amplifies

differential signals this noise source can be put into either input. For simplicity we put

it into the non-inverting input where it will be amplified by the closed loop gain.

The thermal noise ithrm =
√

4kTRf is dependent on the feedback resistor Rf and

temperature T . Whilst the shot noise ishot =
√

2qId is dependent on the photodiode

dark current Id and electron charge q.

We plot all predicted noise sources in Figure 5.8 using the operational amplifier

and photodiode parameters listed in Table 5.1. The low-frequency noise is dominated

by op-amp current noise and the high-frequency noise is dominated by op-amp voltage

noise. Crucially, this high-frequency voltage noise is damped by the feedback capacitor.

If not properly compensated this peaking would limit the detector noise.
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Figure 5.8: Predicted output voltage noise of the TIA photodetector formed using the
OPA847 op-amp and G12180-020A photodiode for Rf = 10 kΩ and Cf = 1.5 pF.

By integrating the voltage noise spectral density we can calculate the predicted

RMS voltage noise of this photodetector to be vpd = 400 µV.

5.3.4 TIA Photodetector Noise Measurements

Three TIA photodetectors that used the G12180-020A PD and the amplifiers listed in

Table 5.1 were constructed using the Printed Circuit Board (PCB) design principles

discussed in Appendix E. The output voltage noise spectra was measured using the

Agilent 89410A and Agilent N9320A spectrum analysers. The measured dark noise for

the OPA847 is plotted in Figure 5.9.
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Figure 5.9: Measured output voltage noise of the OPA847 TIA photodetector compared to
the predicted noise spectra, illustrated by the dotted lines.
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We observe disagreement with the predicted output noise across the complete fre-

quency range, significantly increasing the total RMS voltage noise. The frequency

offset between the locations of the voltage peaking may be caused by an increased in-

put capacitance, this has been noted in other investigations into using the OPA847 in a

TIA [263]. This measurement suggests that despite the improved noise and bandwidth

specifications of the OPA847 it will not be suitable for the LIDAR receiver system.

The measured dark noise for the OPA657 and the LMH6624 are plotted in Figures

5.10 and 5.11.
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Figure 5.10: Measured output voltage noise of the OPA657 TIA photodetector compared to
the predicted noise spectra, illustrated by the dotted lines.
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Figure 5.11: Measured output voltage noise of the LMH6624 TIA photodetector compared
to the predicted noise spectra, illustrated by the dotted lines.

In both measurements the output voltage noise is in excellent agreement with theory

across the entire frequency span. Due to the increased voltage noise of the FET input
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OPA657 we observe significantly higher noise at 10MHz, this ultimately limits the RMS

voltage noise to vpd = 1.2 mV. In comparison, the LMH6624 op-amp has lower noise

in this frequency range and has an RMS voltage noise of vpd = 300 µV, hence, this

detector is more suitable for the LIDAR receiver. A second matching photodetector

was later constructed to monitor fluctuations in the laser output energy, this is referred

to as the ‘reference’ photodetector.

5.4 Local Sensitivity Estimate

In this section we detail two experiments used to estimate the photodetector contri-

bution to the system SNR. In Section 5.4.1, I describe an investigation of the repro-

ducibility of the pulse energy ratio. A fiber delay-line was used to generate two pulses

from a single pulsed low-power laser diode. In Section 5.4.2, I measure differential

absorption through a reference methane cell.

5.4.1 Pulse Energy Ratio Reproducibility

The measurement system used to estimate the reproducibility of the pulse energy

ratio measured using the TIA photodetector is shown in Figure 5.12. The pulses were

produced using a fiber-coupled InGaAs/InP laser diode from Roithner Lasertechnik

(LFO-18/2-i) and a Max3669 laser driver from Maxim Integrated. This driver can

modulate the diode current with a rise/fall time of 200 ps, enabling generation of pulses

with a width of 100 ns.

50/50 BS 50/50 BS
Pulsed
Laser

PD

400m Delay Line

ND
Filter

Figure 5.12: A schematic of the delay-line system used to estimate the reproducibility of the
pulse energy ratio from a single pulse-pair.

The pulse is split using a 50/50 beam-splitter with half directed immediately onto

the photodetector. A 400 m fiber delay-line from AFW Technologies (SM1-22-B-400-

BX) is used to delay the other half of the pulse with a time-delay similar to that

expected in the airborne system. We refer to the first and second pulse measured on

100



5.4. LOCAL SENSITIVITY ESTIMATE

the photodetector as the ‘reference’ and ‘signal’ respectively. An ND filter is used to

attenuate the signal pulse over a range of energies.

We recorded 1000 consecutive pulses at each signal attenuation using the GaGe

CSE1642 ADC; a 125 MHz, 200 MS/s, 16-bit device. An example of one pulse-pair is

plotted in Figure 5.13. In comparison to the reference pulse the signal pulse is delayed

by 2 µs and attenuated by -1.05 dB.
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Figure 5.13: Time-trace of the pulses measured in the delay-line experiment for ND = 0.

Two signal processing algorithms were used to determine the ratio of the single-

shot energies in the reference and signal pulses: integration and matched-filtering. The

Matched-Filtering (MF) technique, which is commonly used to improve measurement

SNR in the presence of white noise [264] is described mathematically in Appendix F.

The steps used are listed below:

1. Subtract the background determined using post-trigger data.

2. Isolate the signal and reference pulses using a flat-top window of fixed width.

3. Determine the signal pulse energy (Esig) and reference pulse energy (Eref) using

either integration or matched-filtering.

For the integration algorithm:

(a) Calculate the area under each pulse using numerical integration.

(b) Calculate the pulse energy ratio R = Esig/Eref.

For the matched-filter algorithm:

(a) Create a MF template by time-reversing the low-noise reference pulse.

(b) Apply the template to the reference and signal pulses via a convolution.

(c) Calculate the pulse energies by the maximum of the matched filtered output.
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(d) Calculate the pulse energy ratio R = Esig/Eref.

For each algorithm, we calculate the mean 〈R〉, standard deviation σR, and the

corresponding signal-to-noise ratio (SNR ≡ 〈R〉 /σR), for each ND. The SNR’s are

plotted in Figure 5.14 for each ND as a function of the signal pulse energy.
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Figure 5.14: Measured SNR of the single-pulse pair as a function of pulse energy highlighting
the improved performance of the matched filtering algorithm in comparison to
the integration algorithm.

The analysis shows that the matched-filter algorithm provides the more reproducible

measurement of the pulse energy ratio, and is thus preferred.

5.4.2 Methane Cell Experiment

The measurement system used to test the dual-wavelength transmitter is shown in

Figure 5.15.

50/50 BSND FilterTransmitter

λonλoff

CH4

Cell

PDref PDsig

Figure 5.15: A schematic of the lab measurement system used to measure the transmission
of the dual-pulsed laser through a reference gas cell.

The pulses are split using a 50/50 beam splitter, with half directed into a reference

photodetector used to allow correction for pulse-to-pulse energy fluctuations. The other
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half is directed through a reference methane cell into the signal photodetector. The

reference cell is 5 cm long and it is filled with 740 Torr (≈1 Atm) of CH4. The output

of the laser was attenuated using an ND filter to provide a more realistic pulse incident

on the photodetectors.

We recorded 2,500 consecutive pulse-pairs on the signal and reference photodetec-

tors using the GaGe digitiser, a typical reference and signal photodetector trace is

plotted in Figure 5.16.
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Figure 5.16: Time-trace of the reference and signal photodetectors through a methane ref-
erence gas cell. The lower axis is the photodetector baseline and is plotted to
illustrate the increased noise pick-up during this measurement.

The online signal pulse is significantly attenuated relative to the online reference

pulse, suggesting it was strongly absorbed by the methane in the reference cell as

expected. The detector baselines, plotted in the lower axis, both exhibit a spurious

non-Gaussian noise that was not present in previous measurements. The source of this

noise, and its effect on the transmission measurement, is discussed later in this section.

The energy of the online and offline pulses at each detector were calculated using the

matched filter algorithm described in Section 5.4.1. The signal detector pulse energies

were then normalised using the reference detector pulse energies:

Eon,normalised = Eon,sig/Eon,ref

Eoff,normalised = Eoff,sig/Eoff,ref
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The measured normalised energies of the offline and online pulses are plotted in

Figure 5.17. We observe outlier data points in the offline pulse normalised energy. At

these points we believe the offline pulse is poorly seeded and hence lases closer to the

erbium gain-centre wavelength of λ = 1645.15 nm, resulting in an increased normalised

energy. We removed these outlier points by removing the offline pulses with a build-up

time exceeding 1 µs. This result suggest further work is required to increase the offline

optical-phase locked loop servo bandwidth, introduced in Chapter 4, to improve offline

injection-seeding.
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Figure 5.17: The normalised energy of the offline and online pulses. Offline pulses with an
increased normalised energy are attributed to incomplete seeding, we filter all
pulses with a build-up time > 1 µs as indicated by the crossed data points.

The mean and standard deviation of the filtered offline normalised energy are

〈Roff〉 = 0.9320 and σR,off = 0.0023, while for the online normalised energy the mean

and standard deviation are 〈Ron〉 = 0.1828 and σR,on = 0.0010. Thus, the online and

offline SNR are:

SNRon = 402.3

SNRoff = 174.2

both are significantly lower than the SNR measured in Section 5.4.1. We attribute this

SNR degradation to the increased detector baseline noise highlighted in Figure 5.16.

The high-frequency noise present before the arrival of the second pulse was caused

by electrical pick-up from the Pockels Cell driver switching to a high-voltage. Thus,

this noise is approximately synchronised to the pulse arrival time and its effect on the
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measured energy was reduced by applying a narrow flat-top window around each pulse.

The lower-frequency, higher amplitude noise present in both photodetectors is caused

by pick-up from the pump diode driver. This noise was not time synchronised to the

pulse arrival and hence we were not able to remove its effect. We believe this noise

limits the SNR and its removal is critical in future photodetector designs.

The observed transmission through the cell was calculated using

Tobs = (Eon,normalised/Eoff,normalised)× 100

a frequency histogram of the measured transmission is plotted in Figure 4.34.
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Figure 5.18: A histogram of the measured transmission of the dual-pulsed, dual-wavelength
Er:YAG laser through a 5 cm reference gas cell filled with 740 Torr of methane.

The mean, standard deviation and standard error for this distribution are 0.1962,

1.25×10−3 and 2.5×10−5. Removing the effect of absorption at λoff is achieved using

the correction described in Appendix G:

ln (Ton) = ln (Tobs)

[
1

1− σoff/σon

]

⇒ Ton = 0.1877

where we use the cross-sections described in Section 5.2.

This transmission is compared with the HITRAN prediction in Figure 5.19, which

assumes that the nominal methane pressure in the cell is 740 Torr as specified. We

observe a systematic offset between the measured and predicted transmission. A cell

pressure of 675 Torr, rather than 740 Torr, would be required to account for this differ-

ence. Alternatively, stray light entering the reference photodetector would result in a

systematic increase in the observed transmission. We attempted to minimise this effect

by narrowing the entrance aperture to the photodetectors using irises.
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Figure 5.19: The double-pulsed transmission measurement compared to the HITRAN simu-
lation of the reference methane cell.

5.5 Transmitting and Receiving Optical Systems

For atmospheric measurements, the transmitting optics positioned after the Q-switched

laser must expand the laser mode to meet the Australian/New Zealand eye-safety

regulations (AS/NZD IEC 60825.14:2011 [265]). For a pulse energy of 1.2 mJ these

regulations specify the 1/e2 radius must exceed 11 mm at the laboratory exit, which

we estimate to be 8 m from the transmitter. Using the laser mode measurements

presented in Chapter 2 and the ABCD matrix formalism described in Appendix B we

optimised the transmitting optics. The predicted 1/e2 radii in the near-field are plotted

in Figure 5.20
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Figure 5.20: Predicted horizontal and vertical laser modes in the near-field.

A cylindrical lens fcyl is positioned in the vertical plane at the circle-of-least confu-

sion [266] to increase the divergence of the vertical mode and match it to the horizontal.

Following this, a spherical lens f+ allows the beam to diverge freely with full-angle di-
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vergences of θt,x = 3.6 mRad and θt,y = 2.6 mRad in the horizontal and vertical planes.

The average 1/e2 radius at the laboratory exit is predicted to be 13.9 mm, which meets

the eye-safety requirements. At a range of 300 m the 1/e2 beam diameters are predicted

to be dt,x = 1.14 m and dt,y = 0.78 m.

To efficiently image this spot onto the photodetector described in Section 5.3 we use

a Meade LX80 Schmidt-Cassegrain (SC) telescope. This device has a clear aperture of

Dr = 203 mm and effective focal length of fr = 2034 mm. The optical efficiency of this

telescope at λ = 1645 nm was measured to be ηr = 62.04%.

A ray-tracing model of the receiver system, produced in ZEMAX, is illustrated in

Figure 5.21. Rays from a 1 m diameter spot positioned 300 m from the telescope reflect

off of the curved primary and secondary mirrors. A short focal length lens (Thorlabs

LA1951-C) is added to tightly focus the rays at the Back Focal Plane (BFP). A virtual

sensor is positioned at the BFP to mimic the photodetector, the image formed at this

sensor is illustrated in the inset figure. Clearly, the hard-target scatter is efficiently

focused within the 2 mm aperture with no evidence of aberrations. The effective focal

length of this composite receiver design is fr = 480 mm.
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Figure 5.21: ZEMAX ray-tracing model of the SC telescope system highlighting the radius
of curvature of the primary mirror Rp and secondary mirror Rs. Note that
vignetted rays are not illustrated in this ray-tracing diagram.

This ray-tracing model does not account for the incomplete overlap between the

laser beam and receiver Field-of-View (FOV) θr. We describe the overlap using the

Geometric Form Factor (GFF) G(R), which is uniquely determined by the transmitter-

receiver configuration [267]. Using analytical expressions described in Appendix H this

term is plotted for both the coaxial and biaxial configurations in Figure 5.22
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Figure 5.22: Calculated geometric form factor for a coaxial and biaxial LIDAR. An offset
distance of dtr = 0.15 m has been assumed for the biaxial configuration.

The GFF is clearly maximised at a range of 300 m by using the coaxial configuration,

hence, we employ this in the receiver system.

5.6 DIAL Sensitivity Model

Assuming similar scattering of the online and offline wavelengths with minimal interfer-

ence from other atmospheric constituents the concentration of methane NCH4 measured

by an airborne IPDA LIDAR system at altitude R is given by [268].

NCH4 =
1

2∆σR

[
ln

(
Eoff,normalised

Eon,normalised

)]
(5.6)

where ∆σ = σon − σoff is the differential absorption cross section between the online

and offline wavelengths. This expression can be written in terms of the measured

transmittance T :

NCH4 =
−ln (T )

2∆σR
(5.7)

neglecting uncertainties in the denominator of Equation 5.7 the single-shot uncertainty

in the methane concentration is given by,

δNCH4 =
NCH4

−ln (T )

(
δT

T

)
=

NCH4

−ln (T ) · SNRtot

(5.8)

where SNRtot describes the total signal-to-noise ratio, which is later defined in Section

5.6.7. In this section we relate SNRtot to uncertainties introduced from instrument

noise and random uncertainties in the auxiliary system parameters. For simplicity,

these noise sources are also described by a signal-to-noise ratio - allowing all separate

contributions to the IPDA measurement uncertainty to be estimated.
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5.6.1 Photodetector Noise

For an airborne LIDAR system the measured signal is governed by the hard-target

LIDAR equation [269], adapting this equation we define the collection efficiency ηf .

This term describes all loss between the transmitter and the photodetector and is

given by

ηf = ηr · ρg ·G(R) ·
(
Dr

2R

)2

(5.9)

where ρg is the ground reflectivity, G(R) is the geometric form factor, R is the range to

the hard-target, ηr is the receiver optical efficiency and Dr is the telescope diameter.

The voltage output of the photodetector Vpd is dependent on the transmitted pulse

energy Ep, pulse width τp, photodetector responsivity < and transimpedance gain Z0:

Vpd = < · Z0 · ηf ·
Ep
τp

(5.10)

Thus, the photodetector SNR is calculated by the ratio of the measured photodetector

voltage and the RMS output voltage noise, vpd:

SNRpd =
Vpd

vpd
(5.11)

5.6.2 Shot Noise

Shot noise describes the fluctuation in the number of photons Np counted by a pho-

todetector. This fundamental noise limit was first observed by W. Schottky [270] and

is modelled by Poisson statistics with a corresponding SNR given by.

SNRshot =
√
Np (5.12)

Where the number of photons depends on the collection efficiency and the number of

transmitted photons:

Np = ηf
Epλ

hc
(5.13)

5.6.3 ADC Noise

An Analog-to-Digital Converter (ADC) is used to convert the analog photodetector

output to a digital output for signal processing. This amplitude quantisation introduces

inherent broadband noise, known as quantisation noise. For an ideal Nbit digitiser, the

SNR in Decibel Full-Scale (dBFS) is given by [271]:

SNRADC = 6.02Nbit + 1.76 dBFS (5.14)
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In most measurement systems it is not practical to fill the full-scale of the ADC as

small fluctuations can lead to signal clipping. Hence, the SNR is scaled by the fraction

of the full-scale voltage VFS filled by the photodetector output.

SNRADC =
Vpd

VFS

(6.02Nbit + 1.76) dB (5.15)

To maximize the SNR we use the GaGe CSE1642 ADC; a 125 MHz, 200 MS/s,

16-bit device. Ideally the quantisation noise should be approximately Gaussian with

no dominant distortion products present in the spectra. The output noise was char-

acterised by recording a 16384 point FFT of the ADC output, plotted in Figure 5.23.

Clearly the ADC exhibit a white noise spectra with few distortion products above the

measurement noise floor.
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Figure 5.23: Measured digitisation noise of the GaGe low-noise ADC. The FFT noise floor is
calculated using the processing gain described by W. Kester [272].

5.6.4 Speckle Noise

Speckle noise arises in the image plane of a DIAL receiver due to random phase aberra-

tions introduced by diffuse scatter at a hard target [273,274]. The SNR of a single-shot

DIAL measurement due to rough target speckle is given by [275]:

SNRspeckle =

√
1 +

(
θt ·Dr

λ

)2

(5.16)

where θt is the full-angle divergence of the transmitted beam. The speckle noise con-

tribution is constant with range and increases for larger beam and receiver diameters.

However, increasing the beam divergence will reduce the geometric form factor, de-

grading the photodetector, ADC and shot noise.
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5.6.5 Solar Background Noise

Solar background radiation reflected from the Earths surface will introduce false read-

ings at the photodetector, increasing the measurement uncertainty. The number of

background photons Nbg measured over a sampling period τs is dependent on the op-

tical filter bandwidth ∆λBPF , receiver geometry and background irradiance Sbg and is

given by [276].

Nbg =
π2λ

16hc
· Sbg · τs ·Dr · ηr ·∆λBPF · θ2

r (5.17)

To filter background solar radiation we use an optical Band-Pass Filter (BPF)

manufactured by Omega Filters with centre wavelength λ0 = 1645.5 nm and FWHM

bandwidth ∆λBPF = 1 nm positioned before the telescope BFP. The noise contribution

of the solar background radiation is calculated by comparison to the number of detected

photons.

SNRsolar =
Np

Nbg

(5.18)

5.6.6 Atmospheric Turbulence Noise

A model for describing atmospheric turbulence was proposed by Kolmogorov in 1941

[277]. His theory describes energy transfer and dissipation in complex systems of eddies.

These eddies cause fluctuations in both the power and phase of an optical signal [278].

The variance in the collected power is given by [279].

σ2
p = P 2

0

(
exp

(
σ2
xp

)
− 1
)

(5.19)

Where P0 is the mean collected power and σxp is given by [280]:

σ2
xp = 0.56

(
2π

λ

)7/6 ∫ 2R

0

C2
n(x)

( x

2R

)5/6

(2R− x)5/6 dx (5.20)

Where C2
n is the index of refraction structure parameter, which is an altitude de-

pendent term that describes the strength of turbulence. For atmospheric channels near

the ground C2
n can vary from 10−13 m−2/3 for strong turbulence to 10−17 m−2/3 for weak

turbulence [281].

Equation 5.19 can be rearranged to solve for the SNR limitation due to atmospheric

turbulence.

SNRturb =
P0

σp
=

1√
exp

(
σ2
xp

)
− 1

(5.21)

Studies of atmospheric turbulence have concluded that on a sub-millisecond time-scale
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the atmosphere can be considered ‘frozen’ [282]. Thus, we can assume this effect can

be neglected in a DIAL system with a sub-millisecond pulse separation.

5.6.7 Total Noise

Assuming all noise sources are uncorrelated and the pulse separation is small enough

that turbulence induced noise can be neglected the total SNR, SNRtot, is given by.

SNRtot =

√√√√√
1

1

SNR2
pd

+
1

SNR2
ADC

+
1

SNR2
shot

+
1

SNR2
speckle

+
1

SNR2
solar

(5.22)

The total SNR was estimated using the parameters in Table 5.2. The contributions

to the SNR as a function of range are plotted in Figure 5.24. At a range less than 1 km

the total SNR is dominated by the target speckle noise contribution. For a range of

greater than 1 km the return signal significantly decreases, causing the photodetector

noise to dominate. This noise model predicts an SNR of 375 at a range of 300 m.
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Figure 5.24: Predicted contribution of various noise sources to the IPDA LIDAR single-shot
SNR. Note the PD and ADC noise is limited in the near-range due to clipping
of the ADC full-scale.

Using Equations 5.8 & 5.22 we also calculate the predicted measurement sensitivity,

plotted in Figure 5.25. As expected the sensitivity is limited by the instrument speckle

noise in the short range with a predicted sensitivity of δNCH4 = 82 ppb at 300 m. This

improves to a sensitivity of δNCH4 = 35 ppb at 1 km, suggesting the airborne platform

should operate at a higher cruising altitude than the originally proposed 400 m.
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Figure 5.25: Predicted contribution of various noise sources to the IPDA LIDAR single-shot
sensitivity.

Laser Transmitter

Pulse Energy Ep 1.2 mJ
Pulse Width τp 105 ns FWHM
Average Beam Divergence θl 3.1 mRad

Receiver

Telescope Diameter Dr 0.203 m
Telescope FOV θt 4.2 mRad
Effective Focal Length fr 0.480 m
Optical Efficiency ηr 62.04%
Band-Pass Filter Bandwidth ∆λBPF 1 nm

Detector & ADC

Active Diameter φ 2 mm
Responsivity < 1.10
Transimpedance Gain Z0 10,000 V/A
RMS Voltage Noise vpd 300 µV
Number of Bits Nbit 16
Voltage Full-Scale VFS 4V
Sampling Period τs 1 µs

Atmosphere

Solar Background Irradiance Sbg 5.0 mW/(m2·nm·sr) [283]
Surface Reflectivity ρg 0.31 [283]
Methane Concentration NCH4 1.7 ppm [284]

Table 5.2: Instrument parameters used in the DIAL sensitivity analysis. The solar back-
ground irradiance and surface reflectivity are for a vegetative surface at 1.6 µm.
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5.7 Atmospheric Sensitivity Measurement

To test the IPDA LIDAR sensitivity under realistic atmospheric conditions with a

hard-target scattering surface we constructed the system illustrated in Figure 5.26.
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Figure 5.26: Schematic diagram of the methane DIAL system used to measure the back-
ground concentration of methane over Adelaide, Australia. The dual-pulsed,
injection-seeded Er:YAG laser is passed through output lenses to ensure eye-
safe operation. A small fraction of the output beam is picked-off using a wedge
and monitored on the reference photodetector. A mirror mounted co-axially
on the telescope transmits the beam out and two large planar mirrors (not il-
lustrated) act as a periscope to direct the beam through a vertical roof-hatch
and horizontally through the atmosphere. The return light is passed through
an optical band-pass filter, collected on the signal PD and analysed using the
ADC.

The atmospheric column was accessed by directing the beam through a roof-hatch

located in the laboratory. To direct the beam horizontally through the atmosphere

two large planar mirrors (240 mm x 300 mm) from Edmund Optics were mounted in a

periscope configuration.

The atmospheric path for the IPDA LIDAR test is shown in Figure 5.27. A building

located approximately 300 m from the roof-hatch acts as the hard-target scattering

surface. This target was chosen as there is clear line-of-sight, at normal incidence and

the range is close to the proposed altitude of the airborne system.
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≈ 300m

Hard Target

Figure 5.27: Image of the IPDA LIDAR atmospheric path courtesy of Google Earth.

The dual-pulsed, injection-seeded Er:YAG laser was operated at a pulse energy of

Ep = 1.2 mJ per-pulse, a pulse-repetition frequency of 100 Hz with λon = 1645.55 nm

and λoff = 1645.39 nm. We measured 2,500 consecutive pulse-pairs using the GaGe

ADC. An example of the time-trace measured by the signal photodetector is plotted

in Figure 5.28.
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Figure 5.28: Example of the time-trace recorded on the signal photodetector. Pulses (a) and
(c) are the pulses scattered into the signal photodetector before transmission
into the atmosphere whilst pulses (b) and (d) are the corresponding online and
offline pulses after transmission through the atmospheric column.

The source of the scattered pulses, labelled (a) and (c), was unable to be identified

and removed. It is likely these arise due to multiple scattering events within the

laboratory that scatter through the large aperture telescope. The on-off pulse delay

was extended to 3.2 µs to ensure the online return and offline scatter (pulses labelled

(b) and (c)) were sufficiently separated. Using the time-delay between the reference

115



CHAPTER 5. A HIGH-SENSITIVITY IPDA LIDAR DETECTION SYSTEM

photodetector and pulse (b) we calculate the range to the hard-target. The mean and

standard deviation of the measured range is:

R = 308.48± 0.43 m

where the uncertainty in this measurement is due to the sampling rate of the ADC

(200 MS/s). The average range is consistent with the range estimated using Google

Earth and suggests we are scattering off of the hard-target.

We used the matched-filtering algorithm discussed in Section 5.4.1 to extract the

online and offline pulse energies at the signal and reference photodetectors. These were

then converted to a transmission and a methane concentration by applying Equation

5.7. The measured transmission and methane concentration are plotted as a function

of measurement time in Figure 5.29.
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Figure 5.29: The measured transmission and corresponding methane concentration through
an atmospheric column recorded on the 02/04/2019 at 10:45AM.

The corresponding frequency histogram of the measured methane concentration is

plotted in Figure 5.30, indicating normally-distributed data as expected. The mean,

standard deviation and standard error for this data are 1.979, 0.124 and 0.003 ppm

respectively.
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Figure 5.30: A histogram of the measured methane concentration of the dual-pulsed Er:YAG
laser through an atmospheric column at a range of 308.5m.

Thus, the average methane concentration of 1.979±0.003 ppm is significantly higher

than the expected background methane concentration of 1.7 ppm. This may be caused

by anthropogenic sources beneath the atmospheric path such as leaking gas infras-

tructure [285, 286] or methane production in the sewer system [287]. An Adelaide

newspaper reported in 2010 that minor gas leaks in the city pipeline infrastructure are

extensive [288].

Hatch et al. reported the measurement of methane in south-eastern Australia using

the Picarro G2201-i portable cavity ring-down spectrometer mounted on a car [289,

290]. This device can measure local methane and carbon dioxide concentrations with a

quoted sensitivity of 50 ppb. A mobile measurement was conducted in Adelaide during

July 2014 for a five hour observation time during which a concentration below 3 ppm

was measured for 87% of the measurement run. This result is consistent with our initial

background concentration estimate.

The extremely low uncertainty in the mean required averaging over 25 s. Averaging

data collected using an airborne system would degrade the spatial resolution, however.

The effect of averaging on the uncertainty in the mean and the corresponding spatial

resolution, assuming an airborne system mounted in a Cessna 404 Titan, which has a

typical cruising speed of 75 m/s [291], in plotted in Figure 5.31. For comparison we

plot the predicted 1/
√
τ noise performance, this represents the averaging improvement

expected for a signal with a white noise distribution. Lastly, the sensitivity predicted

in Section 5.6 model is plotted for comparison to the measured sensitivity.

Figure 5.31 shows that a sensitivity of δNCH4 = 20 ppb can be achieved with an

average time of τ = 0.5 s, corresponding to a spatial resolution of 37 m. The mea-

sured sensitivity trends away from the the predicted 1/
√
τ averaging improvement for
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time periods > 1 s. We attribute this to slow changes in the atmospheric methane

concentration, temperature and pressure in the beam-path.
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Figure 5.31: The decrease in the methane measurement standard error as a function of the
average time and spatial resolution. The dashed black line represents the theo-
retical 1/

√
τ improvement in noise performance whilst the grey shaded area is

the noise floor predicted by the sensitivity model.

The measured single-shot sensitivity of δNCH4 = 124 ppb is higher than the pre-

dicted single-shot sensitivity of δNCH4 = 82 ppb. Thus further work is required to bet-

ter constrain the noise model parameters, particularly the transmitted beam-divergence

which is crucial in calculating the contribution of speckle noise to the total system SNR.

We compare the sensitivity of our system to other published methane DIAL systems

in Figure 5.32. The sensors presented in this figure include compact handheld systems

designed for local measurements and satellite systems for global methane monitoring.

Clearly our system offers an improved methane measurement sensitivity. The two

closest performing systems, described by Riris et al. [64–66] and Amediek et al. [67–69],

are airborne systems that use two optical parametric generation sources to produce

wavelengths near 1.6 µm. This increases the instrument size and weight and thus

requires a larger aircraft, increasing the operating costs and cruising altitude. By

using one laser source to produce both the online and offline pulse we believe our

system offers a compact, high-sensitivity, financially competitive instrument for the

airborne sensing of methane leaks from gas pipelines. Additionally, optimisation of

the receiver system and increase of the laser repetition rate should further improve the

sensitivity.
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Figure 5.32: A comparison between the methane measurement sensitivity and other published
DIAL systems. Data points represented by a diamond marker signify sensors
which rely on scatter from atmospheric molecules whilst those represented by a
triangle marker signify sensors which rely on hard-target reflection.

5.8 Conclusion

In this chapter we have described the development and testing of an IPDA LIDAR

system for high-sensitivity methane sensing over a range of 300 m. A custom large-

area, low-noise, high-gain, high-bandwidth photodetector was modelled, designed and

constructed to measure the weak return LIDAR signal from a hard-target reflection.

A commercial telescopic system was then modelled to ensure the laser footprint can be

efficiently imaged onto the photodetector.

A noise model was introduced to predict the IPDA LIDAR sensitivity. This sug-

gested a single-shot measurement sensitivity of 82 ppb, limited by hard-target speckle

noise, can be achieved at a range of 300 m. Measurements of the system noise were
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performed in a controlled environment to remove the contribution of speckle noise and

other atmospheric variations. As predicted, the measurement noise was limited by

voltage noise at the photodetector output. This noise was degraded due to pick-up

from the slave lasers high-current pump-diode driver and high-voltage Q-switch driver.

However, this noise is still below the speckle noise prediction and hence should not

dominate.

A measurement of the background concentration of methane over the city of Ade-

laide was performed. We measured an elevated methane concentration of 1.979 ±
0.003 ppm along a 308.5 m atmospheric path. The measured single-shot system sen-

sitivity was 124 ppb, which could be reduced further by averaging over longer time-

periods. By comparing this result to the sensitivity of other published DIAL methane

sensors we observe our system offers a higher sensitivity. This can be improved by

increasing the laser repetition rate to enable increased averaging without sacrificing

the spatial resolution.
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Chapter 6

Conclusion

This thesis described the development of an Integrated Path Differential Absorption

(IPDA) LIDAR system for the sensing of anthropogenic sources of methane in the

natural gas sector. A dual-pulsed Q-switched erbium-doped YAG (Er:YAG) laser ca-

pable of reliably producing injection-seeded pulses at the methane online and offline

wavelengths was developed. The dual-wavelength transmitter and a bespoke receiver

system was used to measure the background concentration of methane over a 300 m

atmospheric column. A summary of the key system parameters demonstrated in this

Thesis are outlined in Table 6.1.

Parameter Requirements Results in this Thesis

Online Wavelength λon 1645.55 nm 1645.55 nm
Offline Wavelength λoff <1645.40 nm 1645.39 nm
Output Pulse Energy > 1 mJ 1.2 mJ
Pulse Duration 100 ns 105 ns
Pulse Repetition Frequency 1 kHz 100 Hz
On/Off Pulse Delay δtoff 2 µs 2.3 µs
Spatial Beam Quality M2 < 2 M2

x = 1.04, M2
y = 1.01

Wall-Plug Efficiency - 0.15%
On/Off Frequency Stability - 435 kHz/5.19 MHz
On/Off Control Bandwidth > 1kHz 7.35 kHz/300 kHz
Photodetector Diameter � > 1 mm 2 mm
Photodetector Bandwidth > 10 MHz 18 MHz
Photodetector Gain - 10,000 V/A
Photodetector Noise - 300 µVrms

Telescope Diameter - 0.203 m
Telescope Focal Length - 0.48 m
Range Accuracy <1 m 0.43 m
DIAL Single-Shot Sensitivity - 124 ppb

Table 6.1: A table of the Er:YAG methane DIAL system requirements and results achieved
in this thesis.
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The Q-switched Er:YAG ‘slave’ laser was characterised in Chapter 2. This uses

a Co-Planar Folded Slab (CPFS) end-pumped by a 1470 nm diode array to achieve

pulses with energy 1.2 mJ and width 105 ns. Unfortunately, the repetition rate of the

laser was limited to 100 Hz to ensure stable pulse-to-pulse energy. Wavelength tuning

by injection-seeding the slave laser with a low-power ‘master’ laser was investigated.

Two master lasers were considered; a Distributed Feedback (DFB) diode laser and an

External Cavity Diode Laser (ECDL), both of which are tunable around the methane

absorption line of 1645.55 nm.

Light from the narrow linewidth ECDL was injected into the ring-resonator slave

laser via an intra-cavity PBS and properties of the slave laser pulsed output were used to

quantify the quality of injection-seeding. Unfortunately, the seeding was inefficient and

there was evidence of an uncontrolled dual-pulsing, both of which would compromise

reliable wavelength tuning for methane sensing.

An injection-seeded numerical model of our laser system was described in Chapter

3. Discrepancies between experiment and theory were observed and it was discovered

that these were caused by unforeseen oscillations in the Pockels Cell. To mute these

oscillations we reduced the resonator losses, allowing below-threshold regenerative am-

plification of the injected light from the master laser during the low-Q phase of the

pulse cycle. This resulted in improved injection-seeding behaviour with no evidence of

self-dual pulsing.

In Chapter 4 we described a control system to ensure reliable injection-seeding

based upon the Pound-Drever-Hall (PDH) technique. While this technique has been

used in other Q-switched systems, the control bandwidth is commonly limited by the

low-Q state of the slave cavity. For our laser, however, the reduced losses increased the

Q of the slave cavity between pulses, enabling the master laser to be tightly locked to

a resonant mode of the slave laser.

The transmission of the master laser through the slave cavity was monitored using a

custom saturating photodetector capable of resolving the PDH sidebands whilst quickly

recovering from a high peak-power pulse. The ECDL master laser was locked to the

slave cavity via feedback to a slave cavity PZT and the master laser current with a

control bandwidth of 7.35 kHz. This enabled reliable injection-seeding at the online

wavelength of 1645.55 nm. An Optical Phase Locked Loop (OPLL) was used to lock

the DFB master laser at the offline wavelength of 1645.39 nm, corresponding to an

integer number of slave cavity Free Spectral Ranges (FSR). An AOM switch is used to

switch the injected input between the online and offline master lasers, generating two

injection-seeded pulses separated by 2.3 µs. To our knowledge the smallest temporal

separation of two different wavelength pulses from a single Q-switched laser source.

In Chapter 5 we described a custom receiver system for high-sensitivity ground-

based atmospheric measurements of methane. A sensitivity model that predicted a
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single-shot measurement sensitivity of 82 ppb at a range of 300 m was described. The

limiting noise source, due to speckle from the hard-target, can be improved by increas-

ing the target spot-size or operating at higher altitudes.

The background concentration of methane was measured for a 300 m long atmo-

spheric column over the city of Adelaide, Australia. We obtained an average back-

ground concentration of 1.979 ± 0.003 ppm with a single-shot sensitivity of 124 ppb.

To our knowledge the system sensitivity is the highest achieved by a methane IPDA

LIDAR system.

6.1 Future Work

The results presented in this Thesis are a promising proof of concept, suggesting that a

single laser source can be used to sense methane through an atmospheric column with a

high sensitivity. However, significant work is still required to transition this technology

to a commercial product capable of long-term flight trials and further improve system

performance.

Slave Laser

We are currently assessing an alternative slave laser geometry in which an Er:YAG rod

is end-pumped with a narrow-linewidth, high beam-quality Erbium-Doped Fiber Laser

(EDFL) operating at 1532 nm. This simple design should enable an increased pumping

efficiency and allow a higher Pulse Repetition Frequency (PRF) and increased pulse

energy. These will provide an improved measurement sensitivity without degrading the

spatial resolution via averaging. Furthermore, we believe this geometry will overcome

the laser induced damage which occurred on the Total-Internal Reflection (TIR) faces

of the CPFS gain medium.

Injection-Seeding Control Systems

While the control systems described in Chapter 4 enabled spectral control of the slave

laser adequate for a laboratory environment, further work is required to optimise these

control systems for long-term flight trials. The low-frequency and high-frequency con-

trollers used to control the online master laser should be improved to optimise the

phase at the cross-over frequency and the 0 dB frequency. This will minimise servo

peaking and hence the closed-loop frequency noise. We are currently assessing a bal-

anced Piezo-Electric Transducer (PZT) design to enhance the low-frequency control

bandwidth and simplify the servo design.

As observed in Chapter 5, the offline pulse sporadically lases near the erbium line-

centre wavelength, suggesting incomplete injection-seeding is occurring. While this
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spectral fluctuation does not limit system sensitivity it should be removed in future

work by improving the OPLL servo. As discussed previously, a higher control band-

width could be achieved by feedback to an Electro-Optic Modulator (EOM), further

suppressing the broadband frequency noise of the offline master laser.

The design and performance of the injection-seeding control systems would be sim-

plified by using narrow linewidth master lasers that enable DC feedback. This would

reduce the system complexity, size and the challenges associated with engineering a

bespoke airborne system.

Advancements in Field Programmable Gate Arrays (FPGAs) have enabled digi-

tal servo controllers with complex but easily controllable transfer functions [295–297].

Such devices would allow optimisation of the closed-loop gain with a capacity for par-

allel input/output operations. Thus, all control systems could be operated from one

low-cost, low-power digital device. These devices could also be configured to automat-

ically acquire lock [298], thus mitigating the risk of the system losing lock during high

vibration events such as take-off.

Ground-Based IPDA LIDAR System

Further work is required to better understand and overcome the speckle noise we believe

limits our system sensitivity. Simple noise models predict this can be improved by

increasing the divergence of the transmitted beam, however, this will degrade the

return signal strength. Alternatively, the diameter of the receiving telescope could be

increased but this places significant constraints on the total instrument footprint. Thus,

careful optimisation of these parameters is required. Furthermore, the photodetector

design should be updated to reduce the noise pick-up from both the diode driver and

Q-switch driver.

A potential improvement to the IPDA LIDAR system which was considered but not

explored was to use hollow-core photonic crystal fiber to deliver the slave laser output

to the transmitter. This fiber offers a flexible and robust means of beam deliver with

a low propagation loss and high damage threshold [299]. This would enable the slave

laser to be mechanically decoupled from the transmitter system, thus simplifying the

design of a vibration insensitive slave laser mount.

Long-term ground-based measurements of background methane should be estab-

lished. Our results indicated a higher than expected concentration and through further

testing we could infer potential environmental and anthropogenic methane sources in

the city of Adelaide. In parallel, real-time temperature and pressure data should be

recorded to investigate natural fluctuations in absorption cross-sections at the online

and offline wavelengths.
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Alternative Atmospheric Sensing Possibilities

We adapted the ground-based IPDA LIDAR system for cloud monitoring using time-of-

flight, presented in Appendix A, as the 1.6 µm Er:YAG laser enabled eye-safe operation

and deeper atmospheric probing [300]. Preliminary experiments showed this system

could resolve multi-layered structure within low-altitude clouds. Clouds play an im-

portant role in radiative transfer processes in the Earths atmosphere [301], hence a

knowledge of their variation in space and time is crucial in modern climate change

studies [302]. Further work is required to optimise this system and establish whether

it can be used to complement other cloud sensing platforms.

The high-frequency stability and low-frequency chirp of the injection-seeded slave

laser make it well suited for a Doppler LIDAR system in wind power generation [303],

as seen in Chapter 4. Our system exhibits sub-megahertz frequency stability, which

appears to be the benchmark in other published systems [136,137,304]. Wind turbines

are an effective means of generating renewable energy, producing an estimated 30%

of Australia’s renewable energy in 2016 [305]. They operate in the lower atmosphere

where both wind and turbulence dynamics are poorly understood [306]. Changes in

wind-speed and direction are unpredictable and ultimately limit the effectiveness of

wind energy as a reliable power source. A Doppler LIDAR system that monitors long-

range wind speed would enable substantial improvements in the performance of wind

power in an interconnected power grid [307].

Airborne Flight Trials

The intention of future research is to transition the ground-based system to an aircraft

for flight trials. This will require significant engineering to ensure the system is rugged,

minimises power consumption and meets the safety requirements for mounting in an

aircraft. Where possible, the dependence on commercially available components should

be minimised to reduce the risk of redundancy. One could imagine a bespoke modular

system that enabled components to be easily replaced and tested, minimising potential

down-time.

Once the system is functional preliminary flight trials should commence immedi-

ately. This will allow the system sensitivity to be measured under realistic conditions

for a range of cruising altitudes. Further upgrades to the data acquisition and pro-

cessing systems would be required to handle the large data sets recorded during these

flight trials. Communication between the IPDA LIDAR system and the aircraft GPS

should be established for real-time concentration mapping, with the ultimate goal of

rapidly mapping sources of methane produced by the natural gas sector in Australia

and overseas.
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Appendix A

Thesis Publications

The commercially sensitive nature of the research presented in this Thesis meant that

we did not pursue publishing any work directly related to methane sensing. This is a

requirement to ensure the intellectual property developed can be protected for future

commercialisation and potential patents. The publication provided in this Appendix

describes a cloud sensing demonstration that was undertaken during my candidature.

This experiment was not dependent on any patentable techniques described in this

Thesis.
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ABSTRACT

We describe the development of a number of eyesafe Er:YAG laser systems. Based on the Co Planar Folded Zig
Zag geometry, these lasers were primarily developed for hard target ranging at distances greater than 20 km. We
also present results where these lasers have been used to explore the profiles of cloud structures over Adelaide,
South Australia.

Keywords: Er:YAG, Q-Switched, Cavity Dumping, Cloud Sensing

1. INTRODUCTION

Er:YAG lasers system have undergone significant development in the last 15 years driven primarily by the fact that
they offer high peak power emission that is centered in the ‘eyesafe 1.5 µm and 1.8 µm band. Lasers operating
at these wavelength are critically important because they allow the highest possible emission of peak power
without risking damage to the human eye.1 This is a critical feature if these lasers are to be transmitted into the
atmosphere for remote sensing applications such as LIDAR. Er:YAG lasers emit primarily at two wavelengths in
this regime, 1617 and 1645 nm.2 The development of Er:YAG lasers operating in this wavelength band has often
replaced more complicated Optical Parametric Oscillator (OPO) based systems3,4 for applications including
range finding and wind sensing. As noted over forty years ago by White and Schleusener5 Er:YAG lasers can be
utilized for methane detection as it emits near a methane absorption line at 1645nm, enabling these lasers to be
used in methane Differential Absorption Lidar (DIAL).

These systems require a high pulse energy and short pulse duration laser source because peak power is a
major determinant of the sensitivity of systems that detect return power such as hard target laser range finders.
The sensitivity of coherent systems such as Doppler Lidars depends on the average power emitted, hence, high
sensitivity can be obtained by implementing a low pulse energy, high repetition rate laser from a convenient
source such as a fibre laser. However, range confusion can limit the use of these systems in ranges exceeding
20km thus potential improvements can be achieved in coherent systems if lower repetition high pulse energy
lasers are developed.

In this paper, we describe the development of a Q-switched Er:YAG laser system based upon the Co-Planar
Folded Zig-Zag Slab (CPFS) geometry capable of achieving pulses with a duration of 4.5ns and a pulse energy
of 10mJ corresponding to a peak power of 2MW - the highest demonstrated from a nanosecond regime Er:YAG
laser. We then demonstrate the applicability of these lasers for remote sensing by exploring the profiles of cloud
structures using a LIDAR system.

2. LASER DEVELOPMENT

Er:YAG lasers can be resonantly pumped using lasers operating at bands centered at 1532 nm and 1470 nm.
The 1532 nm pump band is quite narrow but has a higher absorption cross section.6 The narrowness of this
transition means that band must be pumped by narrow band sources such as fibre lasers or volume Bragg grating
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stabilized laser diodes. The 1470 nm pump transition is considerably broader but has lower absorption cross
section which requires careful consideration of the gain medium design to ensure efficient pump absorption.

Most of our work has focused on the development of Er:YAG lasers that are pumped by spectrally broad
diode lasers.7,8 We have developed the first Er:YAG laser that uses the CPFS geometry that was originally
pioneered by Richards and McInnes for side pumped Nd:YAG lasers.9 A schematic of this is shown below in
Figure 1. We employ an end-pumping scheme where a 1470nm diode array is coupled into the slab using a
lens-duct. This diode is fast-axis collimated to maximise the pump intensity within the slab whilst the slow-axis
is un-collimated and is trapped in the slab by total internal reflection. Low doping densities are required for
operation in the eyesafe band to prevent excess loss due to upconversion.2 This means that the slabs need to
be quite long ranging from 2-3 cm for 0.5 at.% doped slab. The Q-switch is formed using a Rubidium Titanyl
Phosphate (RTP) pockels cell and a Quarter Wave Plate (QWP).

1470nm

Diode

Lens

Duct

Er:YAG

Slab

Pockels

Cell

HR
QWP

OC Mirror

Figure 1: A schematic of the end-pumped CPFS slab geometry in standing wave Q-switched operation.

The CPFS laser geometry offers the highest gain per pump volume of any known laser geometry. Further,
the higher circulating intensities in the gain medium mean that the population inversion is rapidly extracted
leading to shorter duration pulses. The increased gain also allows for increased output coupler transmissions
which lowers the intra-cavity intensity on critical components.

This relationship can be expressed mathematically using an equation that we derived during the development
of the our Er:YAG CPFS Q-Switched laser system.10 This relationship shows that the product of the energy of
an actively Q-switched pulse and its duration is constant,

E × ∆t =
8EphotonAtr
B(f1 + f2)σ

−ln(R)

δ − ln(R)
(1)

where Ephoton is the photon energy of the Er:YAG laser, A is the cross sectional area of the lasing mode, tr is the
round trip time of the resonator, σ is the cross section of the lasing transition, δ is the loss in the resonator and
f1 and f2 are the Boltzmann factors for the lower lasing and upper lasing sub-levels respectively. B accounts for
laser mode overlapping with itself within the gain medium which effects the laser light intensity that interacts
with the population inversion. B has the following values: 1 for a non-zigzag ring resonator, 2 for a non-zigzag
linear resonator, 2 for a zig-zag ring resonator and 4 for a zigzag linear resonator.

This relationship is important when assessing how to achieve short pulse durations when operating close to
the damage threshold of optical materials. This demonstrates why lasers based on the CPFS geometry have
an advantage in achieving short pulse durations. When compared to the non-folded geometries the CPFS slab
allows for an increase of 2 of the B factor with a mild increase in the round trip cavity length. This allowed us to
demonstrate a pulse duration of 14.5 ns with a pulse energy of 6 mJ. Further since optical damage prevented this
energy of the pulse being increased it became necessary to explore other options for reducing the pulse duration
of these pulses for higher spatial resolution time of flight measurements.
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Cavity dumping is a modification of the well-established Q-Switching technique (see Stoneman et al.11 for
example). This technique has been shown to allow the generation of high peak power pulses at the cost of
increased complexity and often lower efficiency. In this technique a Pockels cell and polarizer are used to form
a variable reflectivity output coupler. Similar to Q-Switching the round trip cavity gain is held low during the
pumping cycle by setting the transmission of the output coupler to 1. During the pulse formation stage the
reflectivity of the output coupler is set to 1 allowing the fastest possible pulse formation time. When the desired
peak power has been reached the transmission of the output coupler is minimized, releasing the stored light in
one round trip or longer if the switching time of the Pockels cell is longer than a round trip. Cavity dumping
has the advantage that circulating power inside the resonator need not be higher than of the lasing pulse that is
ultimately produced.

We found that the timing of the Cavity Dump was critical. Peak power and efficiency are generally achieved
when the cavity dump occurs when the circulating power is at its highest. However, in a damage threshold
limited operating environment we found that we could achieve higher peak powers if we increased our pump rate
and switched earlier. This is because this significantly reduced the build-up time of the pulse and the time that
the energy spent in the resonator, thereby significantly reducing the risk of damage. Using this technique we
were able to demonstrate pulses with a duration of 4.5 ns and pulse energy of 10 mJ resulting in a peak power
of 2 MW which remains the highest peak power demonstrated from an nanosecond regime Er:YAG laser.12

3. CLOUD SENSING DEMONSTRATION

High-altitude thin clouds play an important role in radiative transfer processes in the Earths atmosphere,13

so a knowledge of their variation in space and time is crucial in modern climate change studies.14 Pulsed
LIDAR systems offer a convenient method of profiling the atmosphere; however, these measurements are often
limited by a lack of eye-safe laser sources capable of deep cloud probing.15 By operating in the eye-safe 1.6µm
wavelength band Er:YAG lasers enable a high-energy source capable of running in populated areas for continuous
cloud sensing. Furthermore, the low atmospheric scattering coefficient at this wavelength16 allows measurements
which probe deeper into the atmosphere.

Using the Er:YAG laser described in Section 2 and the atmospheric sensing capabilities of our laboratory we
performed time-of-flight measurements of overhead clouds. To ensure eye-safe operation the laser energy was
reduced to 1.9mJ with a pulse duration of 95ns at a repetition rate of 1kHz. To sense the return pulses we used
the detection system shown in Figure 2.

Figure 2: The detection system used in the cloud LIDAR tests highlighting the key components.
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The laser source is sent vertically through a roof hatch using a 45◦ flat mirror, the scattered return light
is then collected using a commercial Schmidt-Cassegrain telescope (Meade LX80). A custom 5MHz high-gain
photodetector is placed at the back focal plane to measure the time-of-flight. Narrow-band filters are placed
before this photodetector to remove any solar background radiation. A 16-bit 200MS/s ADC (GaGe Razor 16)
is used to digitize the return signal, allowing long-term continuous cloud monitoring. An example of the return
signals observed using this system is illustrated below in Figure 3.

(a) 10:13:23 AM (b) 10:17:13 AM

(c) 10:18:49 AM (d) 10:27:52 AM

Figure 3: Example of return signals observed highlighting the multiple scattering events that are measured
through the layers of the cloud

The results presented are averaged over a time of one second (corresponding to N = 1000 shots), allowing
high signal-to-noise ratio measurements whilst not sacrificing temporal resolution. Clearly these traces highlight
that we are capable of measuring multiple scattering events within a single cloud and hence resolve its multi-
layered structure. This is critical in environmental modelling as a major source of uncertainty is the amount of
cloud overlap in multi-layered cloud systems.17 Experimental studies have shown that approximately half of all
cloud systems are multi-layered.18

This ground based technology can be used to complement satellite based cloud LIDAR systems such as
CALIPSO19 which are able to resolve higher altitude cloud structure (10km) but with a significantly lower
spatial resolution (>1km). This technology may enable a network of ground based cloud sensors capable of
continual observations of multi-layered cloud structure in densely populated environments.

An example of the morning cloud structure measured over Adelaide, South Australia over a one hour period
is illustrated in Figure 4. We observe a band of low-altitude clouds starting at 900m and rising to 1100m over
the hour. It is possible that these low dense clouds may be obscuring higher altitude cloud structure.
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Figure 4: Cloud profile obtained by the near-IR LIDAR taken in the early morning

4. CONCLUSION

In this paper we described the development of Er:YAG lasers based on the Co-Planar Slab Geometry. These
lasers were able to demonstrate very high peak power when operated in cavity dumped mode. We also described
a new cloud lidar that makes use of these lasers to provide ultra high temporal resolution measurements of cloud
structure.
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Appendix B

Slave Cavity ABCD Matrices

As a Gaussian beam propagates through an optical element both the radius ω and

wavefront curvature R are modified - mathematically this is described by the ABCD

matrix formalism [308]. This matrix formalisation will form the basis of a theoretical

calculation of the slave laser cavity mode. To begin we introduce the complex beam

parameter q, which describes a Gaussian beam at a position z along the Optical Axis

(OA).

1

q (z)
=

1

R (z)
− i λ

πω2 (z)
(B.1)

Optical elements which alter this Gaussian beam are uniquely defined by an ABCD

matrix; a 2× 2 matrix with a normalised determinant. This definition allows complex

optical systems, such as our slave cavity, to be decomposed into a set of individual

matrices which when concatenated describes the complete system. The complex beam

parameter at the output (qout) of this system can be calculated by operating on the

input complex beam parameter (qin) with the ABCD matrix.

qout =
Aqin +B

Cqin +D
(B.2)

For a stable optical resonator the Gaussian mode must be self-consistent after one

round-trip (i.e. qin = qout), imposing this restriction on equation B.2 gives equation

B.3. This is only a valid solution if the square-root term is real, this restriction is

commonly referred to as the half-trace inequality [309] and is crucial in the design of

stable optical resonators.

1

q
=
D − A

2B
+

i

2B

√
4− (A+D)2 (B.3)

Solving this expression gives the complex beam parameter at the start of the res-

onator q0 and both the waist size ω0 and position z0 can be calculated. By propagating

this initial value through the individual components within the resonator the mode
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APPENDIX B. SLAVE CAVITY ABCD MATRICES

profile can be mapped out. This method was applied to the slave resonator and the

fundamental mode is plotted in Figure B.1. Due to the astigmatic nature of the fun-

damental mode the horizontal and vertical eigen-modes are plotted separately.
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Figure B.1: The unfolded slave cavity resonator, highlighting the solved horizontal and verti-
cal eigen-modes where f+ = 100 mm and f− = −200 mm in the horizontal plane.
Note that the TFP appears twice as it is used as the starting position for this
simulation.

The telescopic arrangement of the lenses is used to adjust the mode size within the

slab so that it best overlaps with the pumped region. Clearly, the negative cylindrical

lens acts to expand the horizontal mode whilst still clearing the hard-edge aperture at

the entrance and exit faces of the CPFS gain medium. This mode-size is used in the

numerical model presented in Chapter 3.
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Appendix C

Jones Calculus

The polarisation state of a monochromatic plane wave can be described by a 2 x 1

vector known as the Jones vector, mathematically this is given by

~E =

(
E0xe

iφx

E0ye
iφy

)
(C.1)

where the first term represents the horizontally polarised (π) component and the second

term represents the vertically polarised (σ) component. Optical elements which alter

the polarisation state of this light are described by a 2 x 2 matrix known as the Jones

matrix. The change in polarisation as it propagates through this element is calculated

via operating on the Jones vector with the Jones matrix. This matrix formalisation

of polarisation, known as Jones calculus [310], will form the basis of a theoretical

calculation of the slave laser output coupling. A schematic of the polarisation states

of the counter-clockwise slave laser mode is illustrated in Figure C.1.

PBS

TFP

PC

HWP

HR & PZT

Er:YAG Slab
fsph

fcyl

Figure C.1: Schematic of the slave laser mode highlighting the horizontal and vertical polar-
isation states

The laser mode following the Polarising Beam Splitter (PBS) is purely π polarised,

applying a voltage to the Pockels Cell (PC) then rotates the polarisation of the light
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APPENDIX C. JONES CALCULUS

that is incident on the Thin-Film Polariser (TFP), thus providing a means of dynam-

ically tuning the output coupling. This is described by the following Jones matrix

calculation.

~Eout = JPC ~Ein (C.2)

Where ~Ein is the Jones vector of the π polarised light incident on the PC, JPC is the

Jones matrix of the PC and ~Eout is the Jones vector of the light incident on the TFP.

The fraction of this vector that is π polarised is used to calculate the effective output

coupling.

The Jones matrix of the PC is calculated by first considering the Jones matrix of a

linear phase retarder with phase retardation δ.

Jr(δ) =

(
e−jδ/2 0

0 e−jδ/2

)
(C.3)

In general, the PC is axially rotated relative to the optical axis at angle θ. This is

accounted for by applying the rotation matrix

R(θ) =

(
cos(θ) sin(θ)

−sin(θ) cos(θ)

)
(C.4)

to the Jones matrix for a linear phase retarder, giving the following Jones matrix.

Jpc = R(−θ)Jr(δ)R(θ)

=

(
cos(δ/2) + jcos(2θ)sin(δ/2) jsin(2θ)sin(δ/2)

jsin(2θ)sin(δ/2) cos(δ/2)− jcos(2θ)sin(δ/2)

)
(C.5)

The phase retardation δ through the electro-optic crystal of length lpc is related to the

voltage applied V by the following expression.

δ =
2πlpcn

3
0rV

λdpc
(C.6)

Where dpc is the electrode separation, n0 is the nominal refractive index, r is the

electro-optic coefficient and λ is the incident wavelength. Our system uses a PC made

from Rubidium Titanyl Phosphate (RTP) manufactured by Raicol Crystals. This has a

matched pair of 5 mm long crystals axially rotated by 45◦ with an electrode separation

of 4 mm. RTP has a nominal refractive index of n0 = 1.57 at λ = 1645 nm and the

electro-optic coefficient is rc2 = 23.6 pm/V [311].
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Appendix D

The Pound-Drever-Hall Technique

The Pound-Drever-Hall (PDH) technique is a powerful tool for stabilising the frequency

of an existing laser - since it was first described in 1983, this technique has become

ubiquitous in many applied fields where a narrow-linewidth source is required including

gravitational wave interferometry [312] and quantum optics [313].

Consider a laser source with natural frequency jitter, we require an accurate means

of measuring this jitter to correct for it. A convenient means to discriminate frequency

changes is by monitoring the transmission (or reflection) of the beam as it propagates

through a Fabry-Perot cavity. The intensity at the reflected output is given by [314]

IR (ω) =

(√
R1 −

√
R2ω

)2
+ 4
√
R1R2ωsin2 (kL)

(
1−√R1R2ω

)2
+ 4
√
R1R2ωsin2 (kL)

(D.1)

where Ri is the reflectivity of output port i and ν describes the round-trip cavity loss.

If the frequency of the light is scanned the resonator output will show sharp resonance

features as plotted in Figure D.1.
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Figure D.1: Predicted reflection of a lossless Fabry-Perot cavity as the frequency is swept for
R1 = R2 = 90%

139



APPENDIX D. THE POUND-DREVER-HALL TECHNIQUE

These resonant frequencies have a resonance width denoted ∆s and are separated

by a Free Spectral Range (FSR) denoted ∆ν , for a cavity of length L this is given by.

∆ν =
c

2L
(D.2)

Using these fundamental properties of the Fabry-Perot cavity we can generate the

reflection coefficient F (ω), which is the ratio of the reflected and incident electric field,

for a symmetric lossless cavity this is given by [315].

F (ω) =
Eref

Einc

=
R
(

exp
(
iω
∆ν

)
− 1
)

1−R2exp
(
iω
∆ν

) (D.3)

This is plotted in Figure D.2.
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Figure D.2: Fabry-Perot cavity predicted reflection coefficient; magnitude and phase for R =

90%

Clearly the reflected optical intensity is symmetric about resonance, an effective

control system cannot be designed to stay at this minima as the Fabry-Perot cannot

discriminate what side of resonance the laser is positioned on. Instead, we must rely

on the asymmetric phase of this feature, the key to the Pound-Drever-Hall technique

is that it provides a means of indirectly measuring this phase. This is achieved by

modulating the laser frequency (or alternatively phase) at frequency Ω to generate

sidebands with a defined phase relationship to the carrier frequency ω. Mathematically,

the incident electric field is given by

Einc = E0e
i(ωt+βsinΩt)

≈ E0

[
eiωt + (β/2)

(
ei(ω+Ω)t − ei(ω−Ω)t

)]
(D.4)

where β is the modulation depth, this is typically set such that the power is contained
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within the carrier and first order sidebands. To calculate the reflected field we can scale

each term independently by the reflection coefficient at the corresponding frequency.

Eref = E0

[
F (ω) eiωt + (β/2)

(
F (ω + Ω) ei(ω+Ω)t − F (ω − Ω) ei(ω−Ω)t

)]
(D.5)

We are interested in the power of the reflected beam, since that is the quantity

ultimately measured with a photodetector. This is given by Pref = |Eref|2,

Pref =P0 |F (ω)|2 + P0
β2

4

[
|F (ω + Ω)|2 + |F (ω − Ω)|2

]

+ P0β [Re{Y (ω)}cos (Ωt) + Im{Y (ω)}sin (Ωt)] +O(Ω2) (D.6)

where we have introduced the following term for simplicity.

Y (ω) = F (ω)F ∗ (ω + Ω)− F ∗ (ω)F (ω − Ω) (D.7)

We are interested in the two sinusoidal terms that are dependent on the modulation

frequency Ω because they contain the phase information. By setting the modulation

frequency Ω to be sufficiently large, it is clear from Figure D.2 that the sidebands will

experience a ±180◦ phase shift relative to the carrier frequency and as such the real

component of Y (ω) is zero, leaving only the term proportional to sin (Ωt) in equation

D.6. By demodulating the electrical signal, an error signal of the following form is

generated.

ε ∝ Im{F (ω)F ∗ (ω + Ω)− F ∗ (ω)F (ω − Ω)} (D.8)

This is plotted in Figure D.3.
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Figure D.3: Predicted Pound-Drever-Hall error signal for a symmetrical Fabry-Perot cavity
with R = 98% and Ω > ∆ν
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APPENDIX D. THE POUND-DREVER-HALL TECHNIQUE

An effective feedback system can be designed to operate in the asymmetric steep

linear region in the centre of this error signal. Experimentally this is commonly achieved

using the system illustrated in Figure D.4.

Laser EOM PBS QWP Fabry-Perot

PD

LO

LPF Mixer

G

Figure D.4: The Pound-Drever-Hall locking schematic - a local oscillator (LO) imposes high-
frequency side-bands on a laser through an electro-optic modulator (EOM). A
polarising beam splitter (PBS) and quarter-wave plate (QWP) form a free-space
isolator, allowing the Fabry-Perot reflection to be monitored on a photodiode
(PD). The corresponding electrical signal is demodulated using a mixer and a
low-pass filter (LPF) and is fedback to the laser through a gain stage.
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Appendix E

TIA Design Considerations

The layout of a Printed Circuit Board (PCB) for high speed applications is a critical

step in ensuring the circuit meets design requirements. The choice of physical charac-

teristics such as track spacing, track width, component packaging, etc. can affect the

integrity of the signal. There is a range of publicly available design guides that describe

the techniques used to overcome these physical limitations, however, these guides are

often conflicting and the techniques described can change on a case-by-case basis. Even

key textbooks in the field refer to the art of PCB design as a ’black magic’ [316] [317].

In this Appendix I will condense some of the key design techniques discussed by Analog

Dialogue [318] and Texas Instruments [319] that were used in the design of the TIA

illustrated in Figure E.1.

Figure E.1: Printed circuit board layout of the transimpedance amplifier.

In this board the top layer components and tracks are drawn in red whilst the

bottom layer components and tracks are drawn in blue. Vias, drawn in green, allow

routing of signals between board layers. Despite their convenience it is important to
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limit the use of them where possible, particularly in sensitive board areas, as they

have an inherent capacitance and inductance that can introduce parasitic affects. The

dashed blue line surrounding the board edge shows the ground plane, by keeping this

unbroken it ensures all components see a common ground and removes the issue of

ground loops. This ground plane is removed from the sensitive feedback path (as

signified by the blue hatching) as it can introduce stray capacitance.

It is necessary to pay special care when positioning the sensitive path that takes the

photocurrent to the inverting input of the operational amplifier. Here the track length

is kept as short as possible, with the feedback path routed underneath the op-amp to

minimise parasitic capacitance and inductance. Furthermore, a guard ring tied to the

non-inverting op-amp input surrounds the inverting input. This acts to absorb leakage

current from other points on the board, significantly reducing the chance of it reaching

the sensitive input path. A unity gain buffer formed with the OPA820 amplifier is

placed at the output stage to isolate the sensitive feedback path from the output.

To ensure high-frequency voltage noise from the power supply does not dominate

the output voltage noise a pi-filter formed using a ferrite bead and capacitors is applied.

The ferrite bead (TDK MMZ2012Y152BT000) is a passive element that has resistive,

inductive and capacitive properties; these are typically used in power supply filters as

they are compact and can ensure there are no anti-resonance peaks in the frequency

response [320]. The capacitors are staggered to overcome their equivalent series induc-

tance (ESL) which ultimately can limit their effectiveness at high frequencies [321].

The predicted transfer function, plotted in Figure E.2, illustrates a filter with high

insertion loss and no anti-resonance peaking.
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Figure E.2: Predicted transfer function of the pi-filter used in the TIA circuit to filter power
supply noise from the operational amplifiers.
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Appendix F

The Matched Filter

Matched filtering is a signal processing technique used to maximise the Signal-to-Noise

Ratio (SNR) in the presence of additive white noise. A rigorous introduction to the

theory of matched filtering is not necessary for this application, instead a simplified

version of the theory presented by George Turin [264] will be introduced. Consider

receiving a waveform x(t) which consists of the signal of interest s(t) plus an additive

white noise n(t) with a power density N0/2, we can write.

x(t) = s(t) + n(t) (F.1)

Operating on this waveform with a linear filter produces an output y(t) which

consists of a component due to the noise yn(t) and a component due to the signal ys(t).

We wish to find which filter will maximise the output when s(t) is present, to quantify

this we require the instantaneous power in ys(t) to be maximum in comparison to the

average power in n(t). If Y (jω) is the transfer function of the filter then the output

noise power is.

Pn =
N0

2

∫ ∞

−∞
|Y (jω)|2 dω (F.2)

Similarly, if S(jω) is the output signal spectrum then the instantaneous power

evaluated at time t = t0 is.

Ps =

[∫ ∞

−∞
S(jω)Y (jω)ejωt0dω

]2

(F.3)

We wish to maximise the ratio of equation F.3 to equation F.2, our signal to noise

ratio.

SNRmf =
2
[∫∞
−∞ S(jω)Y (jω)ejωt0dω

]2

N0

∫∞
−∞ |Y (jω)|2 dω

(F.4)
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The numerator can be simplified by recognising Y (jω) and S(jω)ejωt0 can be substi-

tuted for f(x) and g(x) into the Schwarz inequality.

∣∣∣∣
∫
f(x)g(x)dx

∣∣∣∣
2

≤
∫
|f(x)|2 dx

∫
|g(x)|2 dx (F.5)

By inspection, the equality in this expression holds when f(x) = kg∗(x), so equation

F.4 is maximised when.

Y (jω) = kS∗(jω)e−jωt0 (F.6)

Applying the inverse Fourier transform we can find the form for the optimum filter in

the time domain.

y(t) = ks(t0 − t) (F.7)

Hence, the optimum filter template is the time-reversed signal of interest with a

time shift t0 and scaling factor k. The matched filter is applied through multiplication

in the frequency domain, or alternatively, via a convolution in the time domain. The

effectiveness of matched filtering can be visualised clearly be generating an arbitrary

Gaussian pulse with additive white noise and applying a convolution with the noiseless

Gaussian, as plotted in Figure F.1.
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Figure F.1: The effect of a matched filter on a synthesised Gaussian pulse with white noise.
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Appendix G

IPDA LIDAR Analysis for

Non-Negligible Offline Absorption

For an Integrated Path Differential Absorption (IPDA) LIDAR system the offline wave-

length should be carefully chosen to avoid absorption from the gas species probed by the

online wavelength. However, limitations in the laser transmitter may cause the offline

wavelength to be positioned on the ‘tail’ of the absorption line, leading to a systematic

offset in the measured concentration. In this Appendix we derive the mathematical

correction used to adjust for non-negligible offline absorption.

The total transmittance through the atmospheric column at the online and offline

wavelengths are given by:

Ttotal,on = Ttransmit,onTgas,on (G.1)

Ttotal,off = Ttransmit,offTgas,off (G.2)

where Tgas,on and Tgas,off are the transmittance through the gas species at the online

and offline wavelengths respectively. Whilst Ttransmit,on and Ttransmit,off describe all

other losses at the online and offline wavelengths respectively.

Thus, the observed transmittance is given by:

Tobs = Ttotal,on/Ttotal,off

= Tgas,on/Tgas,off (G.3)

where it has been assumed that the separation between the online and offline wave-

lengths is small enough that Ttransmit,on = Ttransmit,off. Equation G.3 can be written

in terms of the on/off absorption cross-sections (σon/off) the gas concentration (N) and

the path length L.

147



APPENDIX G. IPDA LIDAR ANALYSIS FOR NON-NEGLIGIBLE OFFLINE
ABSORPTION

Tobs = eσonNL/eσoffNL

= e−(σon−σoff)NL

Which we rearrange to calculate the column integrated gas concentration:

NL =
−ln (Tobs)

(σon − σoff)
(G.4)

Thus, the online transmittance can be written in terms of the observed transmit-

tance and offline transmittance:

Ton = TobsToff

= Tobse
σoffNL

Substituting Equation G.4 yields:

ln (Ton) = ln (Tobs)− σoff

[
ln (Tobs)

σon − σoff

]

= ln (Tobs)

[
1 +

σoff

σon − σoff

]

= ln (Tobs)

[
σon

σon − σoff

]

= ln (Tobs)

[
1

1− σoff/σon

]
(G.5)

In the limit where σoff � σon it is clear that the online transmittance will be equal

to the observed transmittance, as expected. We apply Equation G.5 to adjust for

absorption at the offline wavelength.

148



Appendix H

The Geometric Form Factor

The Geometric Form Factor (GFF) describes the overlap between the laser beam’s

optical intensity distribution and the receiver’s active detection Field-of-View (FOV)

at range R. The analytical expressions of the GFF described by Hao et al. [322] are

introduced in this Appendix. The parameters used in this calculation are illustrated

in Figure H.1.

R

Dr

2

θr

θt

dtr

Transmitter

Receiver

Figure H.1: Key optical parameters of the transmitter and receiver used in the calculation of
the geometric form factor.

A laser transmitter with full-angle divergence θt forms a spot at range R. This is

imaged by a receiver with full-angle divergence θr, diameter Dr, focal length fr to an

aperture with a diameter φ. We define the image at the focal plane to have a diameter

e(R) which is given by.

e(R) = fr

[
θl +

Dr

R

]
(H.1)

This illustrated configuration is referred to as a biaxial system, in which the trans-

mitter and receiver are separated by distance dtr. In this Appendix we also consider

the coaxial case in which dtr = 0.
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Biaxial LIDAR Configuration

First we define the distance between the image spot centre and telescope aperture

centre, this is given by.

ν(R) =
frdtr
R

(H.2)

The geometric form factor takes a different value depending on the relative position of

these two spots, this is described by the following analytical function.

G(R) =





0 if ν(R) > φ+e(R)
2

;

[ψ1(R)− sin(ψ1(R))]φ2 + [ψ2(R)− sin(ψ2(R))] e2(R)

2πe2(R)
if ν(R) >

|φ− e(R)|
2

& ν(R) <
φ+ e(R)

2
;

φ2

e2(R)
if ν(R) <

e(R)− φ
2

& e(R) > φ;

1 if ν(R) <
e(R)− φ

2

& e(R) ≤ φ;

(H.3)

Where the following two terms have been introduced for simplicity.

ψ1(R) = 2arccos

[
φ2 + 4ν2(R)− e2(R)

4ν(R)φ

]
(H.4)

ψ2(R) = 2arccos

[
e2(R) + 4ν2(R)− φ2

4ν(R)e(R)

]
(H.5)

Coaxial LIDAR Configuration

The calculation of the geometric form factor for a coaxial system is significantly simpler,

it is given by the following analytical function.

G(R) =





φ2

e2(R)
if e(R) > φ;

1 otherwise;

(H.6)
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