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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING

Physics & Astronomy

Doctor of Philosophy

A MODE-LOCKED DIODE LASER FREQUENCY COMB FOR ULTRACOLD

ATOMIC PHYSICS EXPERIMENTS

by Jonathan R. C. Woods

This thesis is concerned with the development and characterisation of an actively mode-

locked diode laser system for the provision of a stable optical frequency comb spanning

approximately 1 nm around the D2 spectroscopic line of Rubidium. Through large signal

sinusoidal modulation of the laser DC injection current at around 3 GHz, Gaussian pulses

of 21 ps are achieved with an associated spectral bandwidth in excess of 1 nm, generating

pulses of optimal time-bandwidth product ∼13. An in-house built air-bearing Michelson

interferometer is used to confirm the comb-like structure of the optical emission and a

modulation frequency detuning range of 10 MHz is determined.

Through a proof of principle investigation of CW injection locking of the frequency

comb, phase coherence of the CW master laser with the modes of the frequency comb is

demonstrated over at least 36 GHz. Via CW injection locking, sidemode suppression of

20.6 dB is achieved resulting in an 18% rise in the pulse temporal width and a concomi-

tant reduction in the time-bandwidth product to 1.44, as well as a power dependant

phase locking detuning range of up to 370 MHz. In the closing chapters, two CW lasers

are shown to be stabilised to the frequency comb via Optical Phase-Locked Loops, a

temperature stabilised fibre Mach-Zehnder interferometer is demonstrated for carrier

frequency removal from a phase modulated laser, and a novel intra-cavity trace water

vapour detection method is introduced.
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Chapter 1

Introduction and Background

1.1 Introduction, Motivation and Thesis Structure

This thesis is concerned with the provision of closely spaced, regular optical frequency

references around the D2 spectroscopic line of Rubidium. These frequency references,

which shall be derived from a commercially available diode laser, are required for the

purpose of laser stabilisation and light generation for ultracold atom experiments. The

diode laser is a small, cost effective laser source, whose principle of operation naturally

lends itself to the generation of a uniformly distributed comb of phase coherent frequency

components via a process called mode-locking. To achieve mode-locking in diode lasers,

a common method is to modulate the DC drive current with a large sinusoidal waveform

at a frequency matched to the laser cavity inverse round trip time. The result is optical

pulses in the time domain and a frequency comb in the frequency domain. It is this

frequency comb that we intend to build, characterise, stabilise, and ultimately use to

lock subsequent continuous wave lasers by way of optical phase locking.

Atomic physics experiments use lasers to transfer atoms between states by exciting

different radiative transitions. The laser sources therefore need to be spectrally narrow

enough to address a desired transition and indeed often a specific Doppler shifted velocity

class within it. Because the wavelength-determining mechanisms within lasers such as

mechanical vibration, bias current and junction temperature are prone to drift, the laser

1
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wavelengths have to be stabilised to an absolute reference. Typically this reference is

a spectral feature of the atomic species itself. This frequency reference can also take

the form of an already spectroscopically stabilised laser which provides a fixed optical

frequency that can be compared against the laser which is to be stabilised. This is a

process known as offset locking and works by beating the two lasers on a photodiode,

comparing the beat frequency to a known, electronically derived, stable oscillator, and

using this comparison to correct the frequency of the unstable laser. Where the frequency

offset between the two lasers is limited by the frequency response of the detector, the

cost associated with achieving a frequency offset lock at more than approximately a

few tens of GHz becomes prohibitive. In terms of the laser linewidth and stability, two

conditions should be met. Firstly the linewidth is required to be less than the natural

linewidth of the hyperfine level being addressed, and secondly the laser drift must be

less than that same natural linewidth. For Rubidium, the FWHM natural linewidth of

the cooling transition is approximately 5.7 MHz, and commonly accepted parameters

for the laser are ≤1 MHz linewidth and ≤1 MHz drift over the period of the experiment.

The D2 line in Rubidium shown in figure 1.1 contains the spectroscopic features of use

for the main experiments conducted within the Quantum Control group. These exper-

iments, which we shall summarise shortly, are spread across multiple laboratories and

require multiple stabilised CW laser sources. The lasers close to the optical resonances

of Rubidium that need wavelength stabilisation require their own discrete Rubidium

spectroscopy experiment in order to generate the appropriate information used in sta-

bilising the laser. These individual spectroscopy setups are both expensive and, when

repeated for each laser, take up considerable optical bench ’real estate’. It is desirable

therefore to have a collection of uniformly spaced, stable optical frequency references in

the vicinity of the D2 line, onto which the lasers for the atomic physics experiments may

be easily phase-locked.
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Figure 1.1: Schematic diagram showing the hyperfine splitting of the D2 line
for 85Rb (top) and 87Rb (bottom). The two 52P3/2 states are split by approxi-
mately 78 MHz, where 85Rb is the higher frequency transition. The energy level
splitting values were found in reference [2].

On the other hand, in certain situations it is required that the lasers be detuned from a

specific resonance by potentially many tens of GHz for the specific purpose of avoiding
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a single photon transition. Without a fully stabilised, octave spanning frequency comb,

how are the laser frequencies to be accurately stabilised when far beyond the limits of

frequency offset locking? By way of active mode-locking of a laser diode, we wish to

demonstrate a spectroscopically referenced optical frequency comb spanning approxi-

mately 1 nanometre, onto which the multiple CW lasers used in the atomic physics

experiments may be stabilised. By setting the mode spacing frequency of the frequency

comb to approximately a few GHz, which is well within easily achievable optical phase

locking bandwidths, CW lasers may be accurately stabilised to the comb at arbitrary

positions potentially hundreds of GHz away from the nearest atomic spectral line. Fur-

ther, by removing the requirement of a spectroscopy experiment for the stabilisation

of a single laser, the cost, complexity and size of the experimental laser stabilisation

method may be drastically reduced. This aspect is also of specific interest to researchers

in the field of ultracold atoms whose drive is to miniaturise the total experiment to

lab-on-a-chip size [3].

A common problem with frequency combs in the context of the stabilisation of lasers

to the frequency comb is that while the quality of the lock may be perfectly sufficient,

the ability to precisely identify exactly which comb mode the laser is locked to is non-

trivial. In an attempt to solve this problem, we propose a mode identification principle

which employs two frequency combs which have a common comb mode each referenced

to a spectroscopic feature but where each comb possesses a fractionally different mode

spacing. As such, when a CW laser is beat against one comb at a known frequency, the

precise mode number may be determined by identification of the unique beat frequency

of the same CW laser with the second comb. This will in effect produce a frequency

comb ’Vernier’ scale, which could easily find use among automated locking systems.

More generally, the ability to arbitrarily lock a large number of CW lasers to a spectro-

scopically stable reference of this bandwidth naturally makes possible the cost effective

generation of customisable beat frequencies for arbitrary function generation [4]. Also

there are a number of spectral features of interest around 780 nm including the 2S-8S/D

two-photon transition (777.79 nm) in Hydrogen [5–7], the 2S-3P two-photon transition
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(777.94 nm) in Helium [8] and the two-photon (777.87 nm, Rubidium frequency stan-

dard) transition 5S1/2 — 5D5/2 [9]. All of these spectroscopic features could be probed

with laser stabilised to a frequency comb spanning only 0.2 nm. Furthermore, with

a stabilised frequency comb spanning just 2.5 nm, these could all be cross-referenced

against the D2 line single photon resonances of Rubidium.

The experiments conducted in the Quantum Control group are multifaceted, but all

stem from the preparation of small clouds of ultracold 85Rubidium. These clouds are

generated in a Magneto-Optical Trap (MOT), whereby a combination of magnetic fields

and laser beams are applied in an appropriate configuration to spatially confine on

the order of a few million rubidium atoms at a specific position and cool them to the

microkelvin range [10]. In terms of the lasers, a total of 6 beams, comprised of the light

from two separate lasers (a ’cooling’ laser and a ’repump’ laser) are used in such a way

that a ’trap site’ is formed when the beams all overlap. Initially the two laser beams

are combined spatially before being split equally into three. These three beams are then

directed into the MOT chamber along the three mutually orthogonal Cartesian axes.

After exiting the MOT chamber at the other side, they are retro-reflected so as to be

coaxial but counter propagating. The result is effectively 6 beams which all overlap at

a specific location. The optical frequency of the cooling laser is then red-detuned from

from the 5S1/2, F=3 — 5P3/2, F′=4 transition by at least a few transitions linewidths

(2 to 3 × ∼5.7 MHz). Where the atoms in the chamber (which have been previously

released from an evaporable getter), are at room temperature, they have an average

velocity of around 250 ms−1 and so the Doppler effect dictates that only those atoms

moving towards an oncoming laser effectively sees a resonant laser, resulting in the

scattering of an oncoming photon. Because the emission of the absorbed photon occurs

in a random direction, there is a net force on the atom acting against the component of

velocity. This is a process known as Doppler cooling [11] and for two counter-propagating

beams this effect is 1 dimensional. The presence of all 6 beams therefore cools in all 3

orthogonal dimensions. This does not trap the atoms however, hence the addition of a

magnetic field is required. The magnetic field is provided by two coils, with mutually

counter-rotating currents, and the trap site is formed at the magnetic field minimum

provided the lasers all overlap at this position. This field splits the Zeeman sub-levels of
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the hyperfine transition by an amount proportional to the field strength so as to provide

a spatial dependence to the magnitude of the positional restoring force.

With a cloud of ultracold Rubidium atoms present in the chamber, the next aspect of

the atomic physics experiments conducted involves the stimulation of Raman transi-

tion between the two 5S1/2 hyperfine ground states, F=2 and F=3, for the purpose of

velocity-dependent atom interferometry. The goal here is to use this transition to impart

momentum to the atoms for the purpose of atom interferometry [12, 13]. It is required

that the two lasers involved in the Raman transition are detuned from the single photon

transition, while still maintaining a fixed RF beat frequency between them. In other

words, the two lasers must still be resonant with the same virtual excited energy level.

As described above, the ability to shift this virtual state to many tens, possibly even a

hundred, GHz away from the single photon resonance is desirable, and so to stabilise

these lasers both relative to each other and the real excited state is of great importance.

1.1.1 Synopsis

This thesis adopts the following structure. For the remainder of this introductory chap-

ter, we briefly review the various methods for generating optical frequency combs from

diode lasers and highlight why active mode-locking is the appropriate method to employ

in this research. This review focuses on gain switching, the so called ’frequency comb

generators’ and the various methods by which diode lasers may be mode-locked.

Constituting chapter 2 is a review of some popular spectroscopy methods and a demon-

stration of CW laser stabilisation to the hyperfine structure of the Rubidium D2 line via

polarisation spectroscopy. Stabilised CW External Cavity Diode Lasers (ECDLs) are

used as frequency references and fixed wavelength coherent optical sources in chapters 5

and 8. Further, in the context of a Rubidium referenced frequency comb, the ability to

demonstrate locking a laser to a spectroscopic feature of Rubidium is crucial. Chapter

2 is therefore dedicated to laser frequency stabilisation.

Chapters 3 and 4 respectively consider the modulation characteristics and the mode-

locking performance of the laser. In the former, the mode-locked laser construction and
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experimental arrangement is described initially, and is followed by a characterisation of

the laser diode (which is to be mode-locked later) in CW operation. The latter parts

of chapter 3 are devoted to the modulation characterisation of the laser diodes and,

intrinsic to this, we make an attempt at RF impedance-matching the modulation signal

transmission line to the laser diode. The aim here is to maximise the coupling efficiency

of the RF modulation signal to the laser diode active volume. In the following chapter we

present a comprehensive characterisation of the diode laser mode-locking performance

over the various parameter spaces that we have experimental access to. Included in this is

a characterisation of the laser operating at both 785 nm (its free running wavelength) and

780.2 nm (the desired wavelength), in the time, optical frequency and RF domains for the

purpose of determining the optimum operating conditions for these specific commercial

devices.

Chapter 5 complements the results of the previous two chapters by proving the fre-

quency comb structure of the mode-locked laser emission. Highlighted is the design and

implementation of a custom, in-house made, dual moving arm Michelson interferome-

ter based on an air bearing design. This is an entirely passive device with data taken

on a shot to shot basis, so an accurate method for velocity linearisation of the moving

mirrors by using the simultaneously monitored beat frequency interferogram of a Rb

stabilised CW ECDL is described. This chapter is concluded with data showing the

frequency comb structure of the mode-locked laser as well as future design additions

and recommendations.

A key milestone for this work is the demonstration that the frequency comb can fulfil

it’s intended role as a frequency reference for Rubidium. As such chapter 6 is devoted to

demonstrating proof of the principle that CW injection locking of an oscillating mode of

the frequency comb is capable of anchoring the chosen mode to a fixed spectral position.

We take this experimental opportunity to also investigate the ’mode-locking in clusters’

regime of laser operation, and use CW injection locking to try and improve the mode-

locked laser emission properties by way of improving the time-bandwidth product1.

1The time-bandwidth product is simply the product of the mode-locked laser emission bandwidth in
units of hertz and the temporal pulse width in units of seconds.
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Bringing the frequency comb investigation to a close, chapter 7 investigates the use of

Optical Phase-Locked Loops (OPLL) for stabilising CW lasers to the frequency comb;

thereby demonstrating feasibility in the context of the desired use of the frequency comb.

As part of this investigation, we attempt to characterise the performance of the OPLL

circuits by stabilising one CW laser to another CW laser, as well as measuring the RF

beat note between two CW lasers when stabilised to the frequency comb.

The remaining two experimental chapters diverge from the main context of the thesis,

by borrowing the principles of laser diode current modulation and stabilisation, and

applying them to two different side projects. Chapter 8 demonstrates the stabilisation of

a fibre-optic Mach-Zehnder interferometer for use in removing the carrier frequency from

the spectrum of a weakly frequency modulated laser2. For support and experimental

contribution, as well as the writing of the published manuscript, credit belongs to Nathan

Cooper. Finally chapter 9 details the second of two side projects which demonstrates

initial proof of principle lineshapes for a novel intra-cavity method for trace analyte

detection. The data were instrumental in securing a CASE studentship award to fund

a PhD place to investigate the method.

The thesis draws to a close with the conclusions and ideas for future work in chapter 10.

1.2 Diode Laser Frequency Combs

At the heart of this thesis lies the humble semiconductor diode laser and how it can

be utilised to produce stable optical frequency combs spanning approximately 0.5 THz.

Since 1962, when the first coherent emission from a forward biased p-n junction was

reported [14], these devices have become the corner stones of countless research efforts.

In their early inception, these devices consisted of forward-biased homojunctions. These

p-n junction devices left much to be desired by todays standards, as they required

cryogenic operating conditions and up to 105 amps per square centimetre of current

density to operate. Two ground-breaking developments in diode laser technology came

2This work, for which I am a co-author, was published as ”Stabilized fiber-optic Mach-Zehnder
interferometer for carrier-frequency rejection” [1] and in it I contributed the significant majority of the
experimental construction, demonstration, and data capture.
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about first with the invention of the single heterojunction and then later with the double

heterojunction geometry [15]. These structures provide charge confinement by placing

a semiconductor of a given bandgap energy next to a semiconductor of higher bandgap

energy. It was the double heterojunction laser that first permitted room temperature

continuous-wave (CW) operation at current densities well below 104 A/cm2.

Soon after the first demonstrations of the double heterojunction lasers, some of the first

reports of ’spiking’ in the laser emission emerged [16], which boasted temporal features

below 0.5 ns in duration by way of modulation of the DC injection current. In 1978

the first 20 ps pulses were reported by Ho et al using a room temperature, CW, double

heterostructure GaAlAs laser at a current modulation frequency of 3 GHz3 [17]. It was

recognised that this current modulation could be used to ’mode-lock’ the emission of the

lasers to form short optical pulses in the time domain and a comb-like structure of opti-

cal cavity modes in the frequency domain, provided the modulation frequency was well

matched to the laser cavity inverse round trip time. This method is successful because

the current modulation propagates energy from the CW carrier frequency, ω0, to optical

sidebands which oscillate exactly on the adjacent longitudinal modes - hence the require-

ment for matching the modulation frequency to the cavity mode spacing. Temporally

short, mode-locked pulses which are successfully generated by strong modulation of the

laser DC injection current are said to have been generated by Active Mode-Locking, and

it is this process which forms the foundation of this thesis. The brevity of the pulses

however is not our primary concern. Our fundamental motivation is the generation and

characterisation of a stable frequency comb, by way of active mode-locking, which en-

compasses at the very least least the D2 transition of Rubidium to act as a broadband

frequency reference for the stabilisation of the multiple CW lasers used in the group.

A frequency comb is an optical spectrum which consists of a large number of very fine,

uniformly spaced optical components which resembles a comb when viewed in the fre-

quency domain. This comb of frequencies is incredibly useful as it essentially acts as an

optical ruler, allowing very precise measurement of unknown optical frequencies. Early

efforts at generating frequency combs were achieved by electro-optic phase modulation

3In this context, referring to the laser as a ’CW’ laser simply infers that the laser device was capable of
running in CW operation: many devices before this time would not tolerate sustained (and continuous)
current injection without damage.
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and later by parametric amplification. Currently the best way to generate a frequency

comb is by mode-locking a laser. A mode-locked laser emits optical pulses at very regu-

lar intervals in the time domain, and the pulse train in the frequency domain consists of

a comb-like array of very precisely spaced optical frequency components. The frequency

comb of a mode-locked laser has little intrinsic spectroscopic value in of itself until the

precise frequency of each comb line is stabilised. In a mode-locked laser there are two

degrees of freedom which must be either monitored or stabilised before the comb is of

any spectroscopic value. The two degrees of freedom are the comb mode spacing (or, in

the time domain, the inverse of the time between each successive pulse) and the ’carrier

envelope offset’ frequency. The former of the two is typically defined by the dimensions

of the laser cavity, while the latter refers to the difference between the mth optical mode

from the mth multiple of the free spectral range from zero frequency. Only when the

frequency comb mode spacing and the carrier offset frequency are stabilised to a known

value does the comb become of use. Any given comb line frequency may be written as

fm = m×∆f+fceo, where ∆f is the comb mode spacing and fceo is the carrier envelope

offset frequency. In the time domain, fceo defines the rate of change of carrier envelope

phase with respect to the carrier frequency. Figure 1.2 shows the relationship between

the carrier envelope and the carrier frequency of a mode-locked laser pulse, wherein

1.2(A) shows a carrier envelope phase of 0 and 1.2(B) shows the carrier envelope phase

shifted by π/2.

A major breakthrough in terms of stabilising the frequency comb of a mode-locked laser

was the realisation of a comb whose frequency components span an octave. With this,

the carrier envelope offset can be determined by implementing an f −2f self referencing

interferometer [18]. This uses a frequency doubled low frequency component and beats

it with an unaltered comb mode one octave higher in frequency; the comb stability

is achieved by stabilising this beat frequency. Stabilising the comb mode spacing is

achievable by simply stabilising the pulse repetition rate which can be monitored on a

fast photodiode. It should be noted that a true frequency comb is one which spans an

octave in spectral bandwidth. In this thesis however, we refer to a frequency comb as

simply a comb-like optical spectrum, regardless of the bandwidth. This is because while

mode-locked diode lasers can produce a comb-like spectrum, they are far from spanning
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an octave. We can nevertheless generate a useful frequency comb from a mode-locked

diode laser by stabilising a constituent mode to a spectroscopic feature and deriving the

modulation signal from a highly stable electronic function generator.
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Figure 1.2: Time domain description of the carrier envelope phase evolution.
(A) exhibits zero phase difference between the carrier envelope and the carrier
frequency electric field, whereas (B) exhibits a π/2 phase difference between the
two.

Generating frequency combs by modulating the injection current of solitary diode lasers

and diode lasers in external cavities, as well as external modulation of CW emission, is

a vast field of research that was founded in the early 1970s. Today there are multiple

different techniques for frequency comb generation in semiconductor lasers and the use of

diode lasers is still a very active field due to their size, cost to manufacture, robustness

and ease of modulation. With the exception of the Vertical External Cavity Surface

Emitting Laser (VECSEL), most semiconductor lasers certainly will not compete with

octave spanning comb generation techniques [19]. Through a global desire for system

miniaturisation however, their size and hence integrability into existing technology is

incredibly attractive. In light of this, below we give a brief review of the salient methods

by which to produce frequency combs from semiconductor lasers.

1.2.1 Frequency Comb Generators

The optical frequency comb generator (OFCG), first demonstrated by Kourogi et al [20],

is a method for generating a broadband coherent set of equally spaced optical modes ex-

ternally to the laser cavity. Unlike direct modulation of the laser, the optical frequency
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comb is produced by coupling the light from a stable master laser oscillator into a sec-

ondary optical cavity which contains an electro-optic phase modulation device. Phase

modulation is achieved through modulation of the refractive index of an optical medium

in synchronism with an externally applied electronic RF signal. The result of this mod-

ulation is the generation of optical sidebands which are phase coherent with the carrier

and removed in frequency by an amount equal to the frequency of modulation. When

the RF modulation signal is closely matched to the cavity longitudinal mode spacing

the produced sidebands seed the adjacent cavity modes and the process is repeated. For

clarity, this method is not the same as mode-locking, as the comb is generated externally

to the laser cavity.

In principle any seed laser wavelength can be used provided the cavity maintains the

appropriate finesse and a suitable phase modulator is available. For broadband cavity

mirror coatings the tuning range is potentially of the order of hundreds of nanometres.

External modulation for frequency comb generation has been demonstrated with in-

jection locked, gain switched Fabry-Perot diode lasers [21], gain switched DFB diode

lasers [22] and semiconductor VCSEL’s [23] all in the mid-1500 nm region. Also in the

1550 nm region, the emission from an OFCG has been combined with a short length of

Tellurium-doped photonic crystal fibre for the generation of an octave-spanning spec-

tra [24]. An excellent example of an OFCG operating at 780 nm, as well as a highlight of

the background theory, is given by Kourogi et al in reference [25]. Finally, demonstration

of a monolithic OFCG can be found in reference [26].

1.2.2 Gain Switching

Gain switching is a method whereby short optical pulses are achieved by rapid mod-

ulation of the laser pump energy by either short pump pulses or a sinusoidal pump

signal. By applying a modulation to a laser which is operating just under the lasing

threshold, the laser may be effectively turned on and off at a rate equal to the modu-

lation frequency, albeit with a small delay relative to the pump energy. Typically with

gain-switched diode lasers, there is no external cavity present and so the pulses oscillate
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inside the semiconductor waveguide between the two facets. Because of this operat-

ing principle, the modulation period can be varied over a large bandwidth. With this

technique, in general, longer pulses result from longer modulation periods, and in all

cases the resulting optical pulse in steady state must be temporally shorter than the

round-trip time of the laser cavity.

Due to the pulse generation method, the wavelength regions that gain switching works

is essentially limited by the spectral regions for which diode lasers can be fabricated.

In 1983, Elliott et al generated circa 10 ps pulses [27], while later in 1989, Liu et al

reported 6.7 ps pulses [28], at 1.3 microns and 863 nm respectively. Later still in 1991,

Iwatsuki et al achieved sub 6 ps, near-transform-limited optical pulses at 1550 nm [29].

Astonishingly, in 1999 pulses as short as 20 fs were achieved with a system based around

the use of gain switched emission from an injection-seeded diode laser [30].

1.2.3 Mode-Locking

As with both of the above techniques, mode-locking is a technique for generating short

optical pulses from lasers. Its name is derived from the concept that the oscillating

spectral modes acquire a locked relative phase relationship and, at a given position

in the cavity, the electric field amplitudes of every mode periodically constructively

interfere to give a short optical pulse. In actuality, this position of mutual constructive

interference oscillates within the cavity at the photon round trip time and is collectively

referred to as the optical pulse. The cavity round trip time is given by the inverse of the

cavity FSR, which is the frequency difference between the allowed longitudinal modes

of the cavity, given by,

ωFSR =
πc

nL
, (1.1)

where c, n and L are, respectively, the speed of light, the cavity refractive index and

the cavity mirror separation length. The optical path length of the cavity therefore

determines the pulse repetition rate in the time domain and the optical mode separation

in the frequency domain.
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A laser operating in CW will have an initially oscillating mode which can be assumed

to be at the centre of the gain profile. Creating the extra spectral modes requires the

addition of a modulation process which affects either the light directly, or a frequency

dependent operating parameter such as the rate of charge injection to the active region.

The modulation, when operating at ωm = ωFSR, acts to transfer energy from the ini-

tially oscillating mode, ω0, into optical sidebands either side of ω0. With ω0 ± ωm now

oscillating, the modulator continues to transfer energy from ω0 into the sidebands, only

now it can also transfer energy from ω0 ± ωm into ω+2m,0 and ω−2m,0 respectively. This

energy transfer is the spectral broadening mechanism, and will continue until an equilib-

rium state is reached. This state is reached when, for all oscillating modes, the gain per

mode equals the loss per mode. Assuming all systematic losses per mode are the same,

the main spectral narrowing mechanism is therefore the shape of the gain profile above

threshold and so the width of the mode-locked optical spectrum is a balance between the

modulation energy transfer and the gain profile. The electric field of the first oscillating

mode, in the frequency domain, can be written,

E (t) = E0e
i(ω0t+φ0) (1.2)

where E0 and φ0 are the electric field amplitude and phase of the carrier mode respec-

tively. With modulation applied, and subsequently more spectral modes oscillating, the

general expression for the total electric field is,

E (t) =
m∑

p=−m
Epe

i((ω0+pωm)t+φp), (1.3)

where Ep and φp represent the amplitude and phase of the pth modes respectively, and

p = 0, 1, 2, 3, etc.

If the value of φp is random and variable in time for each oscillating spectral mode,

the transient intensity will tend towards a fixed value and hence the laser is in CW

operation, albeit with more than a single oscillating spectral mode. If however the value

of φp is the same for each mode (zero for the sake of ease) and periodically invariant

with respect to a fixed position in the cavity, the result is a sharp narrow spike in total
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field amplitude. This short spike in amplitude corresponds to a short spike in intensity

which oscillates inside the cavity as time evolves, given by

I (t) = |E (t)|2 = E2
0

sin2 (Pωmt/2)

sin2 (ωmt/2)
, (1.4)

where P = 2p + 1. Here it has been assumed that all the optical modes have the

same amplitude given by E0. The width of the pulse in the time domain is inversely

proportional to the number of modes oscillating in phase by a relationship known as the

time-bandwidth product. For a Gaussian intensity profile, a time-bandwidth product

of 0.44 signifies that the pulse is Fourier Transform (or ”transform”) limited, and hence

all present optical modes are perfectly phase locked. In all cases the Fourier Transform

of the spectrum in the frequency domain reproduces the pulse intensity profile in the

time domain, however only a transform limited Gaussian pulse gives a time-bandwidth

product of 0.44. A time-bandwidth product greater than 0.44 for a Gaussian pulse

can occur for multiple reasons, such as that certain modes are not phase locked due

to significant phase noise on the optical modes or that the laser cavity contains a net

non-zero dispersion resulting in a frequency chirp within the intensity profile. In any

case, these effects will be manifest in a pulse width appearing longer than the inverse

measured spectral width.

As far as a mathematical description of mode-locked diode lasers is concerned, various

transient behaviours of diode lasers can be explored by starting with a set of coupled

rate equations for the oscillating electric field and the charge carrier density. These

rate equations, which were born out of a semiclassical approach to modelling diode

laser emission originally described by Haken et al [31] and Lamb [32], have been used

to describe actively mode-locked diode lasers [33, 34], chaotic behaviour and relaxation

oscillations [35]. They have also been further modified to account for spontaneous emis-

sion and to model the effects of injection locking, where one source of coherent radiation

is injected into the cavity of a slave diode laser [36]. In-depth reviews are given by

Tartwijk and Lenstra [36], Haken [37] and Agrawal and Dutta [38]. The rate equations
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themselves, which we derive for reference in appendix A, are given by,

dE (t)

dt
=

1

2
[Γ (1 + iα)GN (N −Nth)]E (t) + Esp (t) ,

(1.5)

dN (t)

dt
=

J

ed
− N

τib (N)
−GN [N (t)−Ntr] .

In these equations E and N are the time varying linearly polarised electric field and

electron-hole pair number density (otherwise referred to as the carrier density), respec-

tively, and Nth is the carrier density at the lasing threshold. Other symbols are defined

as Γ, the optical confinement factor of the optical mode field inside the semiconductor

waveguide, α, the linewidth enhancement factor and GN the differential laser gain given

by Gn = υgr
∂g
∂N , where υgr is the group velocity inside the laser medium and g is the

overall gain coefficient. Esp is the field contributed to the oscillating optical mode by

spontaneous emission, J is the injected current density which provides the basic frame-

work for current modulation of the laser gain, e and d are the electronic charge and

waveguide thickness respectively, τib is the carrier density dependent inter-band relax-

ation time and finally Ntr defines the carrier density required for the semiconductor to

reach optical transparency.

In essence, light is produced in a semiconductor p-n junction by electron-hole recombi-

nation from the conduction to the valence band. If the band edges in the semiconductor

are assumed to be flat, transitions between the conduction and valence bands are loosely

analogous to those within a 2 level atomic system. The precise band structure of the

devices used in this work is both mostly unknown and considerably more complicated

than the flat 2 level system approximation used in the semiclassical approach. Accurate

determination of the real band structure is however far beyond the scope of this work

and also unnecessary within the framework of the semiclassical laser theory. Within

this framework the complex electric field inside the laser cavity is adequately described

classically using Maxwell’s equations and the optical amplifier is described quantum

mechanically. A quantum mechanical treatment of the amplifier medium is strictly re-

quired for a more complete picture because, where the flat 2 level model is employed,
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the presence of the electric field polarises the medium by inducing a dipole moment on

each atom. Furthermore, in a real laser, a classical treatment of the amplifier medium

is not capable of describing the spontaneous emission which is required for laser emis-

sion to begin. Conveniently though, we may avoid the quantum mechanics by using

a self-consistency procedure [36]. This procedure states that for an electric field vec-

tor E present in a polarisable medium, each atom acquires an electronic-dipole moment

which, when averaged over all dipoles, results in a macroscopic polarisation, P . Through

Maxwell’s equations, this polarisation acts as a field source which results in the field E ′.

The self-consistency condition is therefore satisfied when E = E ′. For a comprehensive

quantum mechanical description of the gain medium, the reader is directed towards

reference [39].

Further justification of the 2 level approximation is found through consideration of the

timescales for intra-band relaxation within the semiconductor [40]. Intra-band relaxation

processes occur on the order of 50 fs [41] which means that on the pulse timescales

in the region of 1 - 20 ps, and with inter-band processes occurring on timescales of

picoseconds to nanoseconds, the material polarisation can be effectively assumed to

adjust instantaneously.

1.2.3.1 Passive Mode-Locking

Passive mode-locking is a process of pulse formation by modulation of the intra-cavity

losses. Passive mode-locking is not forcibly synchronised to any form of external signal,

instead relying on the inherent mode structure of the passive laser cavity to determine

which optical modes may oscillate and the length of the cavity to define the pulse

repetition rate. Passive loss modulation can be realised by utilising a nonlinear optical

element called a Saturable Absorber. In the case of a saturable absorber mirror (SAM)

the reflectivity of the mirror behaves non-linearly with the pulse intensity, preferentially

reflecting only parts of the pulse whose intensity is higher than the saturation intensity.

This process acts to lock the phases of the modes contributing to the pulse by attenuating

the modes whose phase angles are out of alignment with the pulse amplitude maxima.

For passive mode-locking to work with slow saturable absorbers, it is required that the
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saturable losses must saturate faster than the gain saturation, the absorber must recover

faster than the gain and that the unsaturated gain just surpasses the unsaturated loss.

The first condition insures that a net window of gain opens around the centre of the

pulse. The second condition ensures that loss is greater than the gain everywhere other

than the pulse centre when in pulsed operation as the gain should be lower than the loss

at the point of gain saturation, and the final condition means that laser oscillation can

build up when the laser is turned on in the first instance.

Passive mode-locking has been demonstrated using monolithic DFB lasers [42], quantum

well lasers [43], quantum dot [44, 45] and dash lasers [46], as well as external cavity

lasers [45,47], and with external [48] and internal [49] pulse compression. Passive mode

locking has also been demonstrated with diode lasers near our target wavelength [43,50],

and indeed further towards the blue/purple wavelengths [51, 52]. Repetition rates have

also exceeded hundreds of GHz [53,54], and even THz [55,56] in a bid towards high optical

communication data rates. Generally these ultrahigh repetition rates are achieved with

colliding pulse mode-locking [57] and compound-cavity mode-locking [58]. Despite not

being a diode laser, the Vertical External Cavity Surface Emitting Laser (VECSEL) [59]

is also worthy of mentioning on account of the impressively short pulses that can be

achieved [60].

1.2.3.2 Active Mode-Locking

Active mode-locking is achieved through modulation of the laser gain, cavity length (or

refractive index), polarisation or losses at a rate which is derived from an external clock

or oscillator. For any implementation of active mode-locking, the modulator frequency

should be closely matched to the cavity FSR. In the case of diode lasers where strong RF

sinusoidal modulation of the laser injection current is employed, the gain of the laser is

modulated so as to selectively amplify the circulating pulse near the positive peak of the

modulation amplitude. Where diode lasers have very short cavity lengths, modulation at

the fundamental cavity mode spacing can be problematic most fundamentally in terms

of modulation response at these frequencies, but also in terms of available modulation

sources. In order to achieve active mode-locking in diode lasers, an external cavity may
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be used so as to lower the fundamental mode spacing into the 1-10 GHz region where high

power electronic signal generators / amplifiers are readily available and also where the

diode modulation response is typically superior. The important properties of the laser

devices themselves is discussed in chapter 3. In terms of general operating conditions,

it is common for the laser to be temperature stabilised, biased around threshold and

modulated with signal powers of +25 dBm.

Active mode-locking has some significant advantages over passive mode-locking. Firstly,

because the modulation signal is electronically generated, it is easy to synchronise with

other equipment, as well as electronically stabilise using phase locked loops. A further

related advantage is that multiple actively mode-locked lasers may be electronically

synchronised, potentially paving the way towards cost effective forms of dual optical

frequency comb spectroscopy with diode lasers. Secondly, as the magnitude of the gain

seen by the pulse is defined by this external signal, pulse timing jitter can be very low

compared with passive mode-locking [61]; the noise per mode originating from timing

jitter is proportional to the mode number, compared with the square of the mode number

for passive mode-locking [61].

One of the main appeals of using semiconductor lasers for mode-locking is the broad

gain bandwidth, which is of the order of 10 to 20 nm. If emission over this bandwidth

could be successfully mode-locked, the resulting pulse widths would have a conservative

temporal width of 100 fs. Invariably however, pulses are limited to approximately five

times this limit by various limitations including the modulation bandwidth limit, device

parasitics and maximum modulation power handling. Due then to the relative flatness

of the gain over the centremost nanometre of the total gain bandwidth, care should

be taken to artificially narrow the optical spectrum, if necessary, so as to avoid mode-

locking in clusters. These are discussed in more detail in chapters 3 and 6, but for now

it may be understood as the monolithic diode laser cavity supporting isolated clusters

of external cavity modes which are incoherent with one another, and therefore give

rise to the emission of pulses which are not transform limited and likely contain noisy

substructure.

A different form of active mode-locking occurs if the laser is operated well above threshold
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and phase-modulated rather than amplitude modulated. This ’FM mode-locking’ is

achieved either by modulation of the laser injection current or by an optical phase

modulator such as an EOM [62, 63]. The principle of operation is almost identical;

optical sidebands are generated by the phase modulation which must reside on a cavity

resonance. The phase modulation propagates energy into successive sidebands and the

constant inter-mode phase relationship gives rise to intensity pulses in the time domain.

Active mode locking has been achieved using many different types of laser diode, includ-

ing a standard ridge-waveguide laser [64], Semi-Insulating Planar Burried Heterostruc-

ture (SIPBH) [65], free-space travelling-wave amplifier [66, 67] and Tapered Amplif-

ers [68]. Where an external cavity has been used, feedback methods include reflection

gratings [69–71], planar mirrors [64] and fibre ring cavities [72]. To date, the shortest

known pulses from an actively mode-locked laser diode are 560 fs and were generated

using a harmonically driven, actively mode-locked SIPBH structure [73]. An excellent

review on active mode-locking in diode lasers can be found in reference [74].

1.2.3.3 Hybrid Mode-Locking

Hybrid mode-locking is the amalgamation of active and passive mode-locking. It com-

bines the advantages of an electronically derived gain modulation at considerably lower

RF signal powers with the relative experimental simplicity of passive pulse shaping.

Hybrid mode-locking of a diode laser is possible using either free space optical ele-

ments [75–77] or where the saturable absorber, gain section and gain modulation section

are formed in a single monolithic semiconductor waveguide and then integrated into an

external cavity [51,78–81].

Free-space optical elements can be used in various configurations. Using a ring cavity

and active modulation of a semiconductor amplifier to promote the initial generation

of optical pulses, a SAM can be placed after the amplifier to provide pulse shaping.

It is also possible to use an external active loss modulator such as an Acousto-Optical

Modulator (AOM) to provide amplitude modulation which a saturable absorber can

then further shape into a short pulse. In the case of the monolithic devices, typically

these consist of a large central section under DC forward bias to provide the bulk gain
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to the system, a small section for RF modulation at the front, an anti-reflection coated

front facet (the facet which faces the external cavity) and a small section at the uncoated

facet which is DC reverse biased. The actively modulated section therefore provides the

electronic synchronisation and promotes pulse formation while the reverse biased section

acts as a saturable absorber to provide passive pulse shaping. It is not uncommon for

the active section to require 15-20 dBm less power than in a purely active system as it

is the saturable absorber which performs the bulk of the pulse shaping. This in turn

provides two advantages; the first being the need for much lower power RF electronics,

and the second being that, through an electronically addressable absorber section, the

DC reverse bias may be precisely tailored to generate the optimum pulse widths.

While this method routinely produces high quality (low time-bandwidth product) optical

pulses in the low picosecond regime, it also requires specific fabrication of the devices if

adopting the monolithic approach. To the author’s knowledge, no commercially available

devices at 780 nm are available, which means any hybrid approach to frequency comb

generation would require a separate saturable absorber.

An interesting approach to hybrid mode-locking was reported in 2000 by Lee et al,

whereby in a nominally actively mode-locked laser, the gain region is modulated at the

first sub-harmonic of the cavity FSR such that the pulse traverses the cavity twice per

modulation period [82]. By doing so, if the DC injection current is positioned such that

the modulation current drops the carrier concentration below the transparency concen-

tration during the negative portion of the modulation sine wave, the pulse experiences

saturable absorption, and hence extra pulse shaping.





Chapter 2

Diode Laser Stabilisation and

Rubidium Spectroscopy

In this chapter we introduce the diode laser, how it may be integrated to form an Ex-

ternal Cavity Diode Laser (ECDL) and highlight its importance in the work to follow.

We then continue to discuss the issues with diode lasers in terms of their optical emis-

sion, specifically linewidth and frequency stability, and then go on to describe how these

issues may be overcome by way of wavelength stabilisation. In this thesis we employ a

Rubidium stabilised ECDL as the CW reference laser for the air track Michelson inter-

ferometer in chapter 5 and as the experimental laser in chapter 8. As such, after briefly

highlighting some of the common laser stabilisation methods, we go on to demonstrate

and characterise the stabilisation of a CW ECDL to the laser cooling transition in 85Rb.

Throughout this work, we make use of two distinct configurations of ECDL, and so it is

worth setting in stone the distinction between the two early on. Unless otherwise stated,

when addressing the use of a ’CW’ laser, we are referring to the geometry highlighted

in the following section of this chapter. When addressing the mode-locked laser, we are

referring to the specific laser geometry introduced in section 3.2.

23
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2.1 The Diode laser and the External Cavity Diode Laser

The light emitting part of the diode laser is formed when two specifically doped layers of

semiconductor are formed together creating a p-n junction. The p-doped semiconductor

has an excess of electron holes while the n-doped semiconductor has an excess of elec-

trons. Upon formation the Fermi levels are misaligned and electrons from the n-doped

region recombine with holes in the p-doped region leaving fixed positively (negatively)

charged donor (acceptor) sites in the n (p) region respectively. Because of this growing

charge gradient, a corresponding electric field grows across the semiconductor junction

which opposes the respective charge diffusion, creating a region devoid of free carriers

known as the depletion region. In other words, the electric field creates an energy bar-

rier (known as the ”Barrier voltage”) which eventually becomes too great and prohibits

further electron-hole recombination. At this point the Fermi levels are now aligned and

the band edges are distorted.

In order to promote further recombination, a bias voltage must be applied to overcome

the static electric field. The applied voltage creates an electric field that partially offsets

the static field and therefore allows electrons and holes to flow into the depletion region

and recombine radiatively. If the bias voltage is applied in the opposite polarity, the

static field is enhanced thereby prohibiting any flow of charge; this is the device acting

as a diode. The correct polarity for laser action to occur is to have the negative contact

connected to the p-doped semiconductor, otherwise known as a forward bias. Emission

wavelengths are defined by the semiconductor bandgap energy and can range between

approximately 400 nm to a few tens of µm, with typical gain bandwidths of the order

of 10 nm. The more precise operating wavelength then depends upon the laser cavity

itself.

To achieve lasing, the gain in the laser resonator must overcome the total losses. These

losses include mirror losses due to light coupling out of the cavity, mirror absorption,

and all other non-useful optical losses. In a diode laser, as the injection current is

increased, the point where lasing occurs is called the threshold current and signifies the

transition from complete spontaneous emission to coherent output. After threshold the
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laser output power is approximately linear with injection current and the efficiency of

the device is proportional to the power-current gradient.

With the mechanism for light generation in place, attention should now be paid to

how the light is confined within the device. The semiconductor cleaved facets form a

Fabry-Perot cavity, where the refractive index gradient between the semiconductor and

the surrounding air of approximately 3.6:1 is sufficient to provide a normal incidence

Fresnel reflectivity of ∼30%. The mirror separation distance, L, typically lies between

200-1300 nm. Light confinement in the spatial directions parallel and perpendicular to

the plane of the substrate is achieved through refractive index gradients. The former is

achieved through different semiconductor layers within the structure while the latter is

achieved through either lower index semiconductor barriers or through ’gain guiding’,

which is where the higher carrier concentration in the depletion region raises the effective

refractive index. Typical spatial dimensions are 100-300 nm and 1-2 µm for the thickness

and width respectively. Light leaving the laser is subject to strong aperture diffraction

where the rectangular shaped aperture gives rise to an elliptically shaped beam. A short

focal length lens should be used to collimate the beam, and an anamorphic prism pair

can be used to correct the beams elliptical spatial intensity profile if desired.

An External Cavity Diode Laser (ECDL) is formed when a standard laser diode is

incorporated into a setup whereby light is fed back to the laser monolithic cavity via an

external feedback element. The external cavity itself is formed by the front facet of the

laser diode and the additional feedback element. Together, the diode laser monolithic

cavity and the external cavity form a composite cavity. The spectral properties of this

new configuration can have beneficial influences on the overall laser emission. In the

first instance, if the linewidth of the external cavity is less than the linewidth of the

isolated diode laser, the overall laser emission linewidth may be reduced [83]. Secondly,

if a dispersive element such as a diffraction grating is used, this provides additional

functionality in terms of wavelength tuning and hence stabilisation, and also has the

ability to both narrow the linewidth yet further and force the oscillation of only a single

monolithic cavity mode. Figure 2.1 shows the cavity configuration for the CW lasers

used in this work.
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Figure 2.1: Schematic diagram showing the CW External Cavity Diode Laser
and the reduced schematic used throughout the rest of the thesis to denote this
optical arrangement. HS; Heat Sink, TEC; Thermo-Electric Cooler, S; Spring,
L; Lens, FAS; Fine Adjustment Screw, G; Grating, P; Piezo, CC; Current Con-
troller, TC; Temperature Controller, PiC; Piezo Controller. The AD590 is the
temperature monitoring integrated circuit whose output is read by the thermal
controller.

The external cavity is formed by the front laser facet and a diffraction grating which is

mounted in such a way that the first order diffracted beam is reflected back to the diode,

providing wavelength selectivity. The laser diode (Thorlabs L785P090) is mounted in

a monolithic Aluminium housing and held in place by a threaded retaining ring. An

aspheric lens (Thorlabs TME240-B) is mounted in the housing to provide collimation

of the laser emission. A further housing containing a diffraction grating (Thorlabs G13-

18V) mounted in the Littrow configuration [84–86] with an additional mirror1 is spring

mounted onto the ends of three fine adjustment screws (Newport AJS100-0.5H) which

provide fine tuning of the external cavity. A temperature controller (Thorlabs TED200C)

monitors the temperature reported by an AD590 integrated circuit and feeds back to the

current of the peltier TEC which exchanges heat between the housing and the heatsink.

DC Injection current to the laser is supplied by a Thorlabs LDC202 current controller.

Scanning of the laser wavelength over approximately 3 - 4 GHz is provided by a piezo

stack attached to a piezo driver which outputs an amplitude and frequency adjustable

sawtooth or triangular waveform.

1The additional mirror is to largely eliminate beam pointing variations as the grating angle is changed.
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2.2 Diode Laser Frequency Stabilisation

Among virtually all atomic, optical and molecular physics experiments there exist stable,

narrow linewidth lasers. Indeed the ’out of the box’ performance of the laser tends to

be unsatisfactory for the final application, be it in terms of the laser linewidth, centre

wavelength, drift stability or some combination thereof. The instantaneous linewidth

emitted by a laser will in fact be very narrow; however over any appreciable experimental

period of time, noise present in the laser system couples to the optical emission and

results in linewidth broadening and drift of the central wavelength. For diode lasers

a good general approximation is that the laser linewdith is the emitted power spectral

density averaged over a few tens of milliseconds, resulting in a Gaussian lineshape, while

drift is understood as the longer term change in position of this lineshape. Controlling

the emission of the diode laser is a matter of correcting both of these effects by first

comparing the optical frequency against a known stable frequency reference and then

feeding back to the laser, in a suitable way, a signal derived from the offset from this

known reference.

Diode lasers suffer from both fundamental and environmental noise. The former con-

sists of processes intrinsic to the laser operation; the most notable of which is phase

noise caused by spontaneous emission coupling into the oscillating laser spectral mode.

The latter is essentially everything that affects the laser whose source exists externally

to the gain region. Generally the most significant sources of environmental noise are

thermal drifts caused by air currents and mechanical perturbation caused by vibrations

generated from surrounding equipment and people. It follows that simple modifications

to the lasers’ immediate environment, such as blocking air currents and mechanically

isolating the laser from the optical bench, can significantly reduce laser instability. A

good attitude towards diode laser stabilisation is ”One gets out what one puts in”.

The basic principle behind laser stabilisation is to attempt to correct the laser frequency

noise and drift by comparison of the laser frequency with a stable, fixed frequency

reference such as a cavity [87–91], an atomic transition [92, 93] or both [94]. This real-

time comparison results in a signal which is proportional to the absolute frequency

difference and sensitive to the sign of the offset, and is known collectively as the ’error
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signal’. The error signal then requires suitable interpretation before being fed back to

the laser and completing the feedback loop.

With semiconductor diode lasers there are three very common methods for feeding back

to the laser; via the current, temperature and an intra-cavity dispersive element. Feeding

back to the current is the most common due to the frequency bandwidth which can be

corrected for. Limited typically by the servo gain bandwidth, feeding back to the current

has the potential to correct noise Fourier components up to many tens, if not hundreds,

of MHz.

Temperature variations tend not to be a path for active stabilisation in terms of the

wavelength stabilisation. It is most common for the temperature stabilisation to be on a

separate feedback loop where the temperature is monitored and corrected towards a user

defined set point irrespective of the current laser wavelength. Further, the bandwidth

limit of the temperature stabilisation is generally limited by the thermal capacity of

the object being stabilised: Small thermal masses are susceptible to faster temperature

changes but are more easily corrected in a timely manner, and vice versa. That is not

to say however that the temperature set point cannot be chosen so as to tune the laser

as closely as possible to the desired wavelength in the first instance.

Feeding back to an intra-cavity dispersive element, such as the angle of a diffraction grat-

ing, is also very common and typically caters for the larger, slower frequency variations

up to approximately a few kHz as well as longer term wavelength drift. Adequate stabil-

isation of the temperature and feeding back to the grating angle can achieve linewidths

on the order of 1 MHz. Adding feedback to the current can achieve linewidths of ap-

proximately a few hundred kHz [93]. Indeed, with adequate elimination of noise before

it reaches the laser, it is possible to achieve passive laser linewidths of a few tens of

kHz [95]. Expenditure of a significantly higher degree of effort can produce portable and

stationary 1Hz linewidth diode lasers [96,97], or static mHz linewidth diode lasers [98].
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2.3 Review of Techniques

2.3.1 Frequency Modulation Spectroscopy

Frequency modulation (FM) [99,100], first demonstrated by Bjorklund [101], is a process

whereby the instantaneous frequency of a sinusoidal (carrier) waveform is modulated by

an amount proportional to the amplitude of the modulating waveform, thereby encoding

the form of the modulation waveform onto the carrier. In the FM regime, as opposed to

wavelength modulation, the act of frequency modulation imposes frequency sidebands

on the carrier frequency, ω0, which are separated from ω0 by the modulation frequency,

ωm. The frequency triplet is then scanned over the optical resonance of interest and

the resulting beam is detected by a photodetector. The photocurrent generated by the

detector is mixed with a reference signal which, in this case, is a copy of the electronic

modulation signal in a phase sensitive way known as demodulation. This demodulation

may be conducted in two regimes; where the reference signal is in phase or in quadrature

with the photocurrent (or ’experimental’) signal, which, respectively, provides informa-

tion about the absorption and dispersion properties of the optical resonance and hence

the spectroscopic application is achieved.

Figure 2.2: Diagram showing the schematic layout of a frequency modulation
spectroscopy experiment. DC; Direct Current drive, FOI: Faraday Optical Iso-
lator, NP; Non-Polarising beam splitter cube, PD; Photodiode, VC; Vapour
Cell.
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While we leave the mathematical description of this process to chapter 9, the experi-

mental schematic required is given in figure 2.2.

Wavelength modulation (WM) is a very similar technique and the distinction between

the two can be understood in terms of the unitless quantity called the modulation depth,

β, which is given as the ratio of the peak frequency deviation experianced by the carrier

and the frequency of modulation such that,

β =
∆ω

ωm
. (2.1)

In the FM regime, β is usually less than unity because ωm is typically a fast, low

amplitude signal resulting in first order sidebands only. Furthermore, for the sidebands

to be discernible, ωm should generally be at least twice the value for the laser linewidth

FWHM. In the case of WM, the modulation signal more accurately takes on the form of

a shallow gradient current ramp where instead of frequency sidebands being produced,

the carrier frequency is swept over the resonance. This implies that β is very large as

a result of ∆ω and ωm (the current ramp repetition frequency in this case) being of

the order of the resonance linewidth (potentially MHz - GHz) and hundreds of kHz,

respectively.

The FM regime is usually favourable for two reasons. Firstly, information about the

amplitude absorption and dispersion lineshapes of an optical resonance can determined

through phase sensitive demodulation of the FM beam after interaction with an analyte,

and secondly, because ωm can be placed in a region where very little spectral noise exists

on the free running laser, ultrasensitive measurements of even the weakest resonances

can be achieved.

Since its initial demonstration, this technique has also been extended with the use of

higher order harmonic detection [102] and multiple simultaneous modulation signals

[103].
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2.3.2 Saturated Absorption Spectroscopy

Saturated Absorption spectroscopy is a sub-Doppler technique which uses a single photo-

diode to monitor the transmission of a weak probe beam through an absorbing analyte,

whose optical properties are determined by a strong pump beam capable of saturating a

resonant transition. For this technique to be most effective, the pump and probe beams

should be derived from the same source and be counter propagating at the point of inter-

action with the analyte. Because the pump beam is capable of altering the population

density of the transition ground state, the dependence of the magnitude of the absorbed

optical power on the magnitude of the incident optical power is nonlinear. Nonlinear

spectroscopy is a broad field which includes saturated absorption spectroscopy, as well as

polarisation spectroscopy and techniques which rely on multi-photon absorption [104].

The linewidth of an electronic transition is most fundamentally limited by the lifetime

of the excited state whereby the longer the spontaneous lifetime the narrower the tran-

sition linewidth. Any and all electronic transition linewdiths are therefore broadened

homogeneously according to their spontaneous lifetime; this is referred to as Natural

Broadening and has a Lorentzian lineshape. For the cooling transition in 85Rb this

natural linewidth is approximately 6 MHz.

It is experimentally convenient to perform spectroscopy on Rb when in the vapour phase.

This however gives rise to a further broadening mechanism; that of Doppler broadening.

Doppler broadening of the transition linewidth is an inhomogeneous effect, meaning that

it does not affect all atoms equally. It manifests as a red or blue shift of the absorption

frequency as governed by the atoms’ speed and direction with respect to the direction

from which the light field is incident. In other words, if the atom has a component of

velocity along the laser propagation axis, the resonance frequency is blue (red) shifted if

the component of the atoms’ velocity is counter- (co-) propagating to the optical field. At

room temperature, the atoms have sufficient velocity such that the Doppler broadened

D2 line of 85Rb is approximately 500 MHz and hence completely obscures the hyperfine

structure.
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Sub-Doppler spectroscopy is achieved not through slowing the motion of the atoms, but

instead by addressing only the atoms whose velocity is zero along the laser propagation

axes of the pump and probe beams simultaneously. This technique is commonly referred

to as Lamb Dip spectroscopy [104] and characteristically shows a dip in the absorption

of the probe beam at the central frequency of a Doppler broadened lineshape. To

understand the Lamb Dip, let us consider the effects of the pump and probe beams as

they are scanned in frequency across a resonance. Far from any hyperfine resonance,

the ground state population observed by the probe beam is mostly unperturbed by the

pump beam, as the two beams are absorbed by atoms of differing velocities. As such the

absorption profile of the (monitored) probe beam depicts that of the Doppler broadened

lineshape. As the laser is tuned through resonance, the strong pump beam is capable of

saturating the hyperfine transition and reducing the population of the ground state of

the atoms which are also seen by the probe beam, thereby yielding a peak in the probe

beam transmission. The width of this peak is defined by the natural linewidth of the

hyperfine transition.

A standard optical setup to achieve this kind of spectroscopy is depicted in figure 2.3

and an example of a saturated absorption spectrum achieved using a Rubidium vapour

cell is given in figure 2.5.

Figure 2.3: Schematic diagram of Saturated Absorption spectroscopy. FOI;
Faraday Optical Isolator, NP; Non-Polarising beam splitter cube, HWP; Half
Wave Plate, P; Polarising beam splitter cube, VC; Vapour Cell, PD; Photodiode,
QWP; Quarter Wave Plate, AT; Attenuator, M; Mirror.

It is possible to use this spectrum directly as a frequency reference by using a technique

called ’side of fringe’ locking [105]. Side of fringe locking works by artificially offsetting
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the entire spectrum vertically such that the side of the resonance lineshape crosses zero

at roughly half the height of the feature and using this zero position as the lock point.

Clearly however, this means that the lock point is not at the centre of the hyperfine

transition. By applying a weak modulation to the laser to generate optical sidebands

and then demodulating as described in section 2.3.1 allows for the generation of an error

signal for each transition which crosses zero at the transition centre.

2.3.3 Polarisation Spectroscopy

Polarisation spectroscopy [106, 107] is a sub-Doppler, pump-probe based spectroscopic

technique using two beams originating from the same laser. In a pump-probe setup

similar in layout to a variant of saturated absorption spectroscopy, a weak probe beam

and a strong pump beam are sent near counter propagating through a vapour cell con-

taining an analyte. The former beam is linearly polarised at 45 degrees to an analysing

polarising beam splitter while the latter is circularly polarised. Far from resonance the

pump beam observes no interaction with the analyte and hence the probe beam po-

larisation is unaltered yielding a net zero signal from dual balanced detectors placed

after the analysing polarising beam splitter. Around resonance however the pump beam

induces a birefringence in the complex refractive index of the analyte causing the probe

beam polarisation to become elliptical, disrupting the complete signal cancellation dur-

ing balanced detection. Polarisation spectroscopy provides an experimental error signal

in the form of a dispersion lineshape that is both background free and suitable for use in

active laser wavelength stabilisation. A schematic diagram of the optical configuration

is shown in figure 2.4.

Linearly polarised light may be decomposed into left and right circularly polarised light

(σ− and σ+ respectively) in equal measure. Optical pumping of a hyperfine transition

with linearly polarised light will result in equal absorption of both σ− and σ+ components

by the degenerate mF states. The linearly polarised probe beam will therefore observe

no birefringence as its polarisation components are also affected equally. By using a

σ+ circularly polarised pump beam, for example, it is possible to shift the population

towards positive mF states until equilibrium (saturation) is reached. At this point, the
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relative absorption coefficients for the two circular polarisation states of the probe beam

differ from each other and, therefore, through the relationship between absorption and

dispersion described by the Kramers-Kronig relation, the refractive index observed by

each polarisation state is also different. This birefringence causes the probe beam to

become elliptically polarised either side of resonance and hence an imbalanced intensity

on the balanced detectors.

Figure 2.4: Diagram showing the schematic layout of polarisation spectroscopy.
BPD; Balanced Photodiode, FOI; Faraday Optical Isolator, NP; Non-Polarising
beam splitter cube, BD; Beam Dump, HWP; Half Wave Plate, QWP; Quarter
Wave Plate, VC; Vapour Cell, P; Polarising beam splitter cube, AT; Attenuator.

2.3.4 Discussion

The above is a brief look into the many different techniques that can be employed

in laser stabilisation. One further method commonly used in atomic physics is the

Dichroic Atomic Vapour Laser Lock (DAVLL) [108,109]. This method uses a magnetic

field to separate the Zeeman sublevels so that the σ+ transition is shifted to a higher

transition frequency and the σ− transition is shifted to a lower transition frequency. The

polarisation content of a linearly polarised laser is then analysed by a linear polariser at

45 degrees to the laser polarisation axis and two photodiodes whose signals are subtracted

from each other to generate an error signal.

A significant feature of polarisation spectroscopy over FMS and Saturated Absorption

is the ability to derive a dispersion shaped error signal, which crosses zero at resonance,
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without the need to modulate the laser. Indeed, it is possible to frequency modulate

the beam for FMS or saturated absorption after the beam has been split, however

this requires the use of external phase modulators which are far more costly than the

apparatus required for direct modulation of the laser bias current. It is for this reason

that polarisation spectroscopy is implemented to stabilise the laser which is later used

for injection locking the slave mode locked diode laser. DAVLL, while also not requiring

modulation of the laser, is not preferable as it generates an error signal with a very

shallow gradient, resulting in poor laser linewidth compared to the above techniques.

2.4 Rubidium Spectroscopy and Laser Stabilisation

As part of this demonstration, both a Saturated Absorption and Polarisation Spec-

troscopy setup were constructed for the purpose of calibration and comparison. In

figure 2.5 we show an example Saturated Absorption spectrum, the corresponding two

demodulated spectra when the laser in the saturated absorption configuration is fre-

quency modulated and the spectra achieved by Polarisation Spectroscopy. All spectra

are taken at a room temperature of 291 K and the wavelength scan is achieved by ap-

plying a sawtooth waveform to the piezo stack which controls the angle of the grating

feedback element. The pump beam power for all four spectra was 250 µW and the Rb

vapour cell is approximately 7 cm long and whose flat external faces are AR coated.

In the Saturated Absorption spectrum we can observe 12 peaks in the probe beam trans-

mission. Each of these peaks is the Lamb dip of a hyperfine transition, however only six

of these twelve peaks are real transitions. Peaks 1, 4 and 6, and 7, 10 and 12 correspond

to real transitions 85Rb F=3 - F′=4, 3, 2 and 87Rb F=2 - F′=3, 2, 1 respectively, while

2, 3, 5, 8, 9 and 11 correspond to crossover peaks and appear exactly in the middle of

their two corresponding constituent real transitions. The Doppler background has not

been subtracted and the overall curve has been normalised so as to give an indication as

to the relative peak sizes only. In reality, if the probe transmission far from resonance

is normalised to unity, the trough of the Doppler broadened background typically drops

to approximately ∼0.65 [2].
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In order to achieve the two FMS spectra shown in figure 2.5, the saturated absorption

setup is used and a -20 dBm, 1 MHz sine wave is superimposed upon the laser bias

current via a bias tee so that very weak sidebands are generated in the laser emission.

Using such a weak modulation signal ensures that only very weak first order only side-

bands are generated. The detected probe beam transmission signal from the detecting

photodiode is now demodulated against the laser modulation reference signal using a

lock-in amplifier (SRS model 844). The phase angle of the reference signal with respect

to the experimental signal is altered manually until the appropriate demodulated signal

is achieved on the oscilloscope. The signals in the two FMS spectra have been manually

offset so that the middle of the gradient for zero detuning corresponds to zero signal

amplitude. The peak trace amplitude is then normalised to unity. This is perfectly

acceptable as an arbitrary experimental signal input sensitivity may be chosen on the

lock-in amplifier, hence only the comparison between features is important. The 1 MHz

modulation signal was chosen such that the total 2 MHz separation between the side-

bands was appreciably less than the 6 MHz FWHM natural linewidth of the hyperfine

transitions.

The Polarisation Spectroscopy spectra in figure 2.5 shows two dominating polarisation

features, corresponding to the two closed transitions in the two isotopes: 85Rb F=3 -

F′=4 and 87Rb F=2 - F′=3. The other transitions are considerably smaller due to the

high pump and probe power, and is done so that the closed transitions dominate. If a

much weaker pump power is used, we would expect to see much more evenly shaped

transition strengths [106].
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Figure 2.5: Figure showing the hyperfine spectrum of 85Rb (left) and 87Rb
(right) D2 line with zero detuning corresponding to the F = 3 − F ′ = 4
transition in 85Rb atom. The figure also shows the derived error signals for
Frequency Modulation Spectroscopy (in-phase and in-quadrature signals) as
well as the spectrum derived from Polarisation Spectroscopy.
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2.4.1 Linewidth Measurement

In order to determine the linewidth of the lasers, a beat note is produced on an RF spec-

trum analyser between two ECDLs (which are a carbon copy of each other) where each

laser is wavelength stabilised via its own separate (identical where possible) polarisation

spectroscopy experiment. In order to measure the beat note between two lasers, there

are a number of conditions which should be satisfied. Firstly, the two beams incident

on the photodiode should have a component of their polarisations parallel to each other.

The maximum signal will be achieved when the laser polarisations are as close to par-

allel as possible. Secondly, the beams should be as close to perfectly co-propagating as

possible. If the beams are convergent on the photodiode, this will give rise to a spatial

intensity profile. In this case the surface area of the photodetector must be smaller

than a single spatial fringe in order to observe a signal. Thirdly, in terms of the laser

linewidth, the beat frequency should be placed at least a single laser linewidth from

zero frequency. Finally, no part of the detecting equipment should have a frequency

bandwidth less than the beat note frequency.

Directly after the Faraday isolators of each laser, a beam splitter divides the beam

powers equally, where one portion of each beam is sent to its respective polarisation

spectroscopy setup, and the other is used in finding the beat note. These two beams

are aligned to each other over a distance of at least 4 meters using mirror pairs and a

single non-polarising beam splitter cube. Their polarisations are then aligned by a single

polarising beam splitter cube before being focused on a fast photodiode (EOT Model

ET-4000). The photodiode is connected to a RF spectrum analyser (Advantest R3273)

where the beat note is observed directly.

The two lasers are locked, respectively, to the 85Rb F=3 - F′=4 and 87Rb F=2 - F′=3

transitions, giving a beat note at 1126.5 MHz. It is expected that the laser linewidths

are Gaussian and hence the individual linewidths are equal to the measured beat note

linewidth divided by 1.44. Figure 2.6 shows the measured beat note linewidths for

when the two lasers are locked, (A) and (B), and when they are free running, (C) and

(D), where (B) and (D) represent the linear, normalised conversions of (A) and (C)

respectively. From the Gaussian fit, we extract a FWHM of 792±9 kHz for the locked
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lasers and a FWHM of 1.188±0.039 MHz for the unlocked lasers. We therefore arrive

at individual laser linewidths of 550±6 kHz when stabilised, and 825±27 kHz when free

running. With regards to the linewidth requirements set out in the previous chapter for

the cooling and trapping of Rubidium, the locked laser linewidth is acceptably narrow

over the 100 ms sweep time of the measurement.
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Figure 2.6: Comparison of the beat note between two CW ECDLs when sta-
bilised to Rubidium, A and B, and free running, C and D. For this compari-
son, two polarisation spectroscopy experiments were constructed, one for each
ECDL. For the locked beat note, the two lasers were respectively locked to the
85Rb F=3 – F′=4 and 87Rb F=2 – F′=3 transitions, providing a beat note at
1126.5 MHz on the RF spectrum. (A); RBW=1.1 kHz, VBW=1.0 kHz, 100 ms
sweep time. (C); RBW=5.6 kHz, VBW=4.3 kHz, 100 ms sweep time. Figures
B and D are the linear conversion of A and C respectively, where the maximum
amplitudes are normalised to unity and then fit with a non-linear least squares
Gaussian fit (Red curves).





Chapter 3

Continuous Wave and Current

Modulation Characterisation

The focus of the thesis now returns to the diode laser mode-locking for the following

five chapters. This chapter and the next present the bulk of the device characterisation

in terms of the modulation response and mode-locking performance. It is important

however to first understand the ideal device physical characteristics in order to provide

context and initial direction for the investigation. Following this the main experimental

configuration used throughout the thesis is presented in detail along with a description

of the salient analytical equipment employed. Experimental investigation begins with

a characterisation of the CW operation of the chosen laser diodes as this provides in-

formation regarding the threshold current, wavelength tuning rates [110] and external

differential efficiency [111,112], as well as a basic measure of the quality of the AR coating

on the diode front facet. We next present a weak modulation signal optical character-

isation and finish with a purely electronic characterisation with the aim of developing

an impedance matching circuit for enhanced modulation efficiency. The principle reason

for the small signal modulation response investigation is that, through consideration of

the S21 and S11 parameters, we may yield information about the optical modulation

efficiency and possible electronic parasitics [113–115] associated with the circuit.

41
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3.1 Important Laser Diode Properties

As we are aware, active mode-locking in semiconductor injection lasers can be achieved

through strong RF modulation of the laser gain [64, 69, 73] whereby the modulation

signal is coupled capacitively to the DC injection current that biases the laser, and is

achieved using a bias tee circuit. The modulation signal itself is typically a sinusoidal

waveform whose period matches the optical round trip time of the laser cavity. The

diode laser is incorporated into an external cavity so as to reduce the fundamental

modulation frequency to approximately 3 GHz. The first key property is therefore the

efficient optical coupling to the external cavity. This is important because we wish for

the spectral influence of the composite cavity to completely dominate over any spectral

or temporal effects caused by the monolithic laser cavity. Achieving this optical coupling

requires a high quality anti-reflection coating on the diode front facet. To quantify what

is meant by ’high quality’, an AR coating in this context is referred to as good if it

exhibits power reflectivity lower than 0.1%. If the AR coating is either not present, or

of poor quality, trailing optical pulses may be observed in the time domain and strong

modulation of the optical emission spectrum (at a frequency equal to the semiconductor

cavity FSR) may be visible in the spectral domain.

A possible knock-on effect is that this etalon behaviour gives rise to isolated groups, or

’clusters’, of optical modes that are in themselves phase coherent and as such form an op-

tical pulse. Each cluster is not necessarily phase coherent with the adjacent cluster, and

in the temporal domain the pulses are overlapped. This lack of ’inter-cluster’ coherence

is governed by the quality of the AR coating and the modulation strength [116].

The second important property is that the combined diode and external cavity configu-

ration provides a high slope efficiency. The slope efficiency is given by the rate of change

of optical power with DC bias current and it essentially parameterises how well the laser

as a whole converts electrical power to optical power. This is important in the mode-

locking process because it helps define how effectively a given modulation signal power

modulates the laser gain. Fortunately this measurement is incredibly straightforward to

take as it only involves measuring the optical power as a function of DC injection current

while the laser is in CW operation. Coincidently, if the external cavity is removed (or
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simply angled away so as to eliminate any optical feedback) and the optical power is

measured over the same current range, an indication of the quality of the AR coating

can be achieved.

The third, and possibly the most important aspect however is a large gain modulation

bandwidth. The modulation response of a diode laser is generally split into two regions

which are separated by the relaxation oscillations. At frequencies lower than the relax-

ation oscillation frequency, it is generally assumed that the charge carrier density in the

conduction band of the laser is able to follow the influence of the applied modulation

signal. Above the relaxation oscillation resonance however, the carrier density response

to the modulation falls off rapidly. The modulation bandwidth is therefore loosely de-

fined as the -3 dB bandwidth after the observed laser relaxation oscillation frequency,

and is governed by device parasitics which prohibit modulation current from reaching

the active region. For the purpose of short pulse mode-locking, a large modulation band-

width is of paramount importance due to the strong pulse shortening effects observed for

a high power, high frequency modulation signal [65, 117]. For our intended purpose of

demonstrating a narrow-band stable optical frequency comb reference, we do not require

necessarily the shortest optical pulses, and so significant modulation response up to only

∼4 GHz is sufficient.

The final requirement is to do with the stability of the modulation source. Exces-

sive phase noise in the RF oscillator will translate to enhanced inter-mode beat note

linewidths in the spectral domain and increased pulse to pulse timing jitter in the tem-

poral domain [118].

While active mode-locking of semiconductor diode lasers has been demonstrated many

times over the last 3 decades, to our knowledge, attempting to mode-lock the specific

devices employed here has not been conducted. Moreover these laser diodes are ’off the

shelf’ devices and hence none of the above parameters are known. This is in contrast

to much of the previously reported active mode-locking literature in which the devices

being explored are fabricated to custom specifications. Therefore three main ’datasheet’

criteria had to be considered when choosing a device which, in approximate order, are:
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• Reflectivity of internal semiconductor facet - Diode lasers are exceptionally sen-

sitive to optical feedback due to their very high small signal gain. Sensitivity to

reflection coefficients as low as -80 dB have been reported [119]. Further, as de-

scribed above, the AR coating is critical to the external cavity coupling efficiency

and reducing the effect of the monolithic cavity.

• Maximum injection current capability - Active mode-locking through injection

current modulation generally requires upwards of +25 dBm of RF modulation

power.

• Per unit cost of the laser devices.

The mere requirement of an AR coating on the diode front facet filtered out the vast

majority of commercially available devices, and at the time (early 2013) no commercial

devices were available which were designed for high power, high frequency current mod-

ulation. We outline the chosen device below and discuss its integration into a custom

external cavity.

3.2 Experimental Configuration

Figure 3.1 shows a schematic representation of the experimental mode-locked laser con-

figuration. The specific devices settled upon are GaAs ridge waveguide Fabry-Perot

semiconductor diode lasers (Eagleyard EYP-RWE-0790-04000-0750-SOT01-000) with an

AR coating on the front emission facet. The (stated) maximum operating injection cur-

rent is 180 mA and the AR coating reflectivity is typically 0.03%. These devices are

housed in a standard TO-9 case and therefore are compatible with the custom solid alu-

minium laser diode mounts previously fabricated for our research group. These mounts

are based on a modified design by Arnold et al [86, 120]. Emission from the laser is

collimated with an 8mm focal length, 0.5 NA aspheric lens (Thorlabs TME240-B) and

the external cavity is formed by using a 50±3% output coupler mirror (Layertec GMBH,

model 110095). The output coupler is mounted centrally in a bracket which has fine

angular adjustment control via three (pitch, yaw and extension) fine adjustment screws

(Newport AJS100-1H) and in all cases the external cavity is aligned for minimum lasing
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threshold. The laser diode is mounted inside the custom housing and held in place by a

retaining ring to avoid gradual cavity misalignment. To ensure good electrical contact

with the external contacts, the core and cladding of a sliced SMA cable are soldered

directly to the laser anode and cathode respectively. At the other end of the short SMA

cable is a Bias-Tee (Mini Circuits ZX85-12G+) which allows for the RF modulation

signal to be superimposed upon the DC injection current. The DC operating current is

provided by a Thorlabs LDC202 laser diode controller. Temperature control of the laser

diode is provided by a Thermo-Electric Cooler (TEC) which is placed between the laser

mount and an intermediary heat sink, and is controlled by a Thorlabs TED200C tem-

perature controller. The controllable resolution of the current driver and temperature

controller are 0.01 mA and 0.01◦C respectively.

The temperature controller is attached to an AD590 integrated circuit (IC) which mea-

sures absolute changes in the mount temperature. The temperature controller monitors

the reported temperature value and compares it to a user defined set point tempera-

ture. A built in PID in the temperature controller feeds back to the TEC current so as

to nullify any offset between the actual and set point temperatures. The intermediary

heatsink is cooled by four TEC’s wired in series and connected to a standard lab DC

power supply with completely manual voltage set point. This configuration provides a

good balance between fine temperature control at the lasing device while maintaining a

broad overall temperature tuning range.

Modulation of the laser diode is achieved through a low noise Voltage Controlled Os-

cillator (VCO, Mini Circuits ZX95-3600+) which generates a low power (+3 dBm) RF

modulation signal which is subsequently bandpass filtered (Mini Circuits VBF-2900+)

and amplified to approximately +27 dBm (Mini Circuits TVA-11-422). The VCO out-

put frequency is controlled by a custom made voltage source based on a precision voltage

reference semiconductor IC (REF01) and the VCO tuning sensitivity is approximately

30 MHz/V.

Multiple items of equipment are used in analysing the laser emission and these are

summarised in table 3.1 below.
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Figure 3.1: Schematic diagram of the experimental arrangement.(Top) Mode-
locked diode laser, surrounding housing and operating equipment. TEC;
Thermo-Electric Cooler, AS; Fine Adjustment Screw, L; Lens (Aspheric), OC;
Output Coupler, LW; Laser Window, TC; Temperature Controller, CC; Current
Controller. (Bottom) Mode-locked diode laser integrated into wider experiment.
The CW laser 1 can be both spectroscopically locked to Rubidium via polari-
sation spectroscopy and used as the seed injection source for the mode-locked
laser. BD; Beam Dump, AT; Attenuator, BPD; Balanced Photo Detector, AC;
Autocorrelator, RFSA; RF Spectrum Analyser, OSA; Optical Spectrum Anal-
yser, DC; Direct Current.
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Model Technique Notes

Advantest R3273 RF Spectrum Analyser 26 GHz bandwidth

AndoAQ-6315A Optical Spectrum Analyser 0.05 nm resolution

Femtochrome FR-103XL Intensity Autocorrelator 0.1 ps temporal resolution

Advantest TQ-8326 Wavemeter 1 pm / 100 MHz resolution

New Focus 1414 Fast Photodiode 25 GHz bandwidth

EOT model ET-4000 GaAs Fast Photodiode 12.5 GHz bandwidth

Hamamatsu G4176-03 Fast Photodiode 7.5 GHz bandwidth

Mini Circuits ZVA-183+ RF amplifier 18 GHz bandwidth

Tektronics MDO4104B-6 Oscilloscope 1 GHz bandwidth

Agilent 86116A Fast Oscilloscope 63 GHz bandwidth

Mini Circuits TVA-11-422 RF Instrument Amplifier 4.2 GHz bandwidth

Agilent 8753ES Vector Network Analyser 30 kHz - 6 GHz bandwidth

Table 3.1: Summary of main light analysis equipment employed.

3.3 Continuous Wave ECDL Characterisation

3.3.1 Injection Current vs Optical Power - The I-P Curve

An external cavity diode laser (ECDL) is formed with the Layertec 50% planer output

coupler mirror, and the overall laser composite cavity is formed by this mirror and the

rear, uncoated facet of the semiconductor gain chip. Due to the AR coating, the semi-

conductor monolithic cavity is assumed at this point to contribute negligibly to overall

feedback into the gain region. We begin by considering the power-current behaviour of

the laser where data for with and without the external cavity feedback are presented in

figure 3.2.
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Figure 3.2: Threshold and output power characterisation for CW operation of
the mode-locked diode laser with (blue) and without (red) a 50% output coupler.
The internal diode facet is AR coated to 0.03%. The threshold current, Ith, is
calculated to be 8.96 mA± 0.04 mA.

Clearly observable in figure 3.2 are both the threshold current at∼9 mA and the expected

linear region of operation post threshold. Within this linear operation regime the slope

efficiency of the compound device can be calculated so as to quantify the pump to optical

power conversion. Calculating the slope gradient to be 0.734±0.040 W/A, the external

differential quantum efficiency, ηext, is given by [121],

ηext =
dPcw
dI

eλ

hc
= 0.464± 0.040 (3.1)

where Pcw is the measured optical power for a given DC injection current I, e is the elec-

tronic charge, h is the Planck constant, λ is the emission wavelength and c is the vacuum

velocity of light. The uncertainty is calculated from figure 3.2 by a linear regression fit

and extraction of the RMS uncertainty. The confidence bounds are 95%. Our value for

the slope gradient is approximately a factor of 17 better than in reference [73] ∼0.041
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W/A, λ = 1.30µm) and 1.3 better than in reference [122] (∼ 0.56 W/A, λ = 785.5nm).

It is however also considerably lower than in reference [123], which demonstrates a slope

gradient of 1.19 W/A at 812.8 nm.

Also shown in figure 3.2 is the power-current data for the same ECDL configuration

with the output coupler mirror tilted sufficiently to avoid any feedback to the gain

section. The behaviour of the optical output below the threshold current is expectedly

similar and no linear region is found indicating that no significant optical cavity exists

in this current range. Feedback from the imperfect AR coated facet mirror, while very

weak, is still non-zero and so will eventually feedback sufficiently to cause stimulated

emission. It is anticipated however that the injection current required to observe this

is both considerably above the expected bias current region for mode-locked operation

and close to, if not beyond, the current damage threshold for the devices.

3.3.2 Current and Temperature Wavelength Tuning

Figures 3.3 and 3.4 show, respectively, the tuning rates of the Eagleyard laser diodes

with respect to injection current and temperature. The data in these figures is acquired

using a fibre coupled wavemeter with stated frequency resolution of 100 MHz, whereby

the optical frequency reading is logged approximately every three seconds for a period

of three minutes for every current and temperature increment. It should be noted here

that a significant issue was faced when attempting the following data capture while

using the 50% output coupler mirror to form the external cavity. Over the current

range of 10 to 25 mA (Ith = 8.96 mA± 0.04 mA) the laser exhibited a large range of

highly unstable operation and the linewidth broadened to approximately 0.5 nm in a

symmetric 9 mA current region centred at 18.5 mA. No useful tuning data was achieved.

A reasonable hypothesis is that this was caused by both the lack of a dispersive optical

element inside the cavity and possibly weak extra-cavity optical feedback; unwanted

optical feedback can be very effective in destabilising the laser emission. In addition to

an extra optical isolator outside the cavity, a 20 µm thick, uncoated fused silica etalon

was placed inside the cavity and, while the laser stability saw significant improvement,

still no useful data was achieved. An unsettling notion is that the laser instability is
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being caused by feedback from the imperfect AR coating on the semiconductor facet.

A possible explanation for the observed linewidth broadening is that if the feedback

from the AR coated facet is sufficient, competition exists between two or more internal

cavity modes due to the position and magnitude of the gain curve, thereby destabilising

the emission. This notion is supported (though not confirmed) by the observed partial

emission stabilisation as a result of the large FSR, low finesse etalon being added to the

laser cavity.

For the purpose of these measurements only, a new external cavity was formed by tem-

porarily replacing the output coupler mirror with a diffraction grating (1800 lines/mm)

in a Littrow configuration identical to the setup described in figure 2.1. The spectral

resolution of the grating is given by ∆λ = λ/Nl ' 100 GHz, where Nl is the number of

grating lines illuminated.

Observable in figure 3.3 are regions of higher point density which are the modes of the

external laser cavity. Their separation is approximately 0.007 nm (∼3.4 GHz) which

corresponds well to the approximate physical dimensions of the laser cavity. From these

data it is calculated that the current tuning rate of the laser is 0.00166±0.00006 nm/mA

(-808±29 MHz/mA). Somewhat bafflingly, there exists a non-negligible point density at

wavelengths between the external cavity modes. This behaviour is unexpected consid-

ering that there is no part of the cavity whose length corresponds to a mode separation

of '1.7 GHz.

Figure 3.4 demonstrates the tuning characteristics for the laser as a function of changing

temperature. Averaged over the plotted data the temperature tuning rate of the oscil-

lating optical frequency is 0.00984±0.00058 nm/K (-4.790±0.281 GHz/K) and so this

represents a far coarser wavelength tuning method.
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Figure 3.3: Wavelength tuning characteristics for varying DC injection current.
Black points represent the individual wavelength measurement data points, the
average of these measurements per current setting is given by the blue crosses
and the red line represents the (linear regression) fit to the average.
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Figure 3.4: Wavelength tuning characteristics for varying mount temperature.
Black points represent the individual wavelength measurement data points, the
average of these measurements per temperature setting is given by the blue
crosses and the red line represents the (linear regression) fit to the average.
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3.4 Diode Laser RF Modulation Response

We begin the analysis of the current modulated diode laser by considering the optical re-

sponse to a weak RF modulation signal over a large frequency span without the external

cavity. In order to obtain meaningful results for the modulation response, we require a

calibrated system capable of determining the magnitude and phase of a measured signal

with respect to the supplied modulation signal. The Vector Network Analyser is such a

system and the meaningful parameterised data is provided in the form of the Scattering

parameters, or ’S-Parameters’. The S-Parameters are directionally sensitive coefficients

which describe the magnitude and phase of a signal at a chosen port with respect to

the origin of the signal (see figure 3.5(A)). For our purpose the S-parameters of interest

are the forward scattered, S21, and back scattered, S11 parameters, which represent the

signal received at port 2 and port 1 respectively, given a modulation signal originating

from port 1. Under this convention the S21 and S11 parameters provide information for

the electrical to optical conversion and back reflected modulation signal respectively.

Mathematically the S-parameters are represented in matrix form by the following rela-

tionship,

(
b1
b2

)
=

(
S11 S12

S21 S22

)(
a1

a2

)
, (3.2)

where, after expansion, we find the two relationships given by,

b1 = S11a1 + S12a2, (3.3a)

b2 = S21a1 + S22a2. (3.3b)

In this description the subscripted numbers on each lower case letter define the port

number on the VNA, and so it follows, perhaps in a somewhat unintuitive way, that a1

and b1 are in fact physically connected to the same VNA port. Each port on the VNA

is terminated with a characteristic impedance, Z0, which in most instances is 50 Ohms.
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Solving for each S-parameter, where a1 = V+
1 , a2 = V+

2 , b1 = V−1 and b2 = V−2 , we find,

S11 =
V−1
V+

1

, S21 =
V−2
V+

1

, S12 =
V−1
V+

2

, S22 =
V−2
V+

2

, (3.4)

where V is a voltage and the superscript sign defines the direction of the signal with

respect to the subscripted port number i.e. negative and positive refer to a reflection

and transmission of signal respectively. Experimentally, we are usually interested in

the magnitude of the S-parameters on a log scale, which is given mathematically as

−20 log10 |Sxx| in dB.

Figure 3.5(B) gives a schematic representation of how the VNA is connected to the laser

diode. The Device Under Test (DUT) is a combination of the Bias Tee, laser diode and

fast photodiode

DUT

S21

S12

S11 S22

a1

b1 a2

b2

VNA Port 1 VNA Port 2

Forward direction

Reverse direction

Bias
Tee LD PD

DC Current
Controller

VNA Port 1
(Mod Input) VNA Port 2

(A)

(B)

DUT

Figure 3.5: Schematic diagram of the S-Parameters and their respective rela-
tionship in a 2 port VNA. (A); The VNA connects to the Device Under Test
(DUT) so as to measure the desired scattering parameter. (B); the DUT is a
composite device consisting of a Bias Tee, a laser diode and a fast photodiode.
Port 1 of the VNA is connected to the modulation port of the bias Tee and
the DC current controller is used to bias the laser diode (LD), while port 2 is
connected to the fast photodiode (PD).
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3.4.1 RF Modulation S21 Response

Initially a weak +0 dBm modulation signal is applied to the diode with no external cavity

and the log magnitude S21 parameter is recorded as a function of injection current and

junction temperature (figure 3.6). It is worthy of noting first of all that, because there is

no optical cavity (either in the form of the semiconductor gain chip or an external cavity),

these curves essentially demonstrate the ability for the power in the laser spontaneous

emission to follow the form of the sinusoidal modulation waveform.
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Figure 3.6: Measurement of the log magnitude S21 scattering parameter of the
mode-locked diode over a 6 GHz spectral window showing the forward scat-
tered response of the diode for varying DC injection currents (left) and junction
temperatures (right). All traces are averages of 8 sweeps.

As expected, the AM response falls off rapidly as ωm increases. At ωm ≈ 5.5 GHz a

significant increase of nearly 10 dB as compared with the response at 4 GHz is observed

which, at first glance, is believed to be the relaxation oscillation frequency for the specific

device. Relaxation oscillations are the result of the resonant relationship between charge

carrier density and photon density due to a perturbation to the steady state system, and

can be understood as the carrier density being unable to follow the photon decay rate.
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Following the perturbation (a small positive step-like change in injection current, say),

the photon density spikes due to the initial carrier density spike which rapidly depletes

the carrier density. This depletion causes a sharp fall in the photon density which allows

the carrier density to recover via the injection current. The process repeats albeit with

an amplitude damping factor which acts to return the system back to a steady state.

According to [124] the relaxation oscillation frequency is defined in terms of the threshold

injection current and intra-cavity photon lifetime and is given by:

ωRO =

[
γc
τ1

(
I

Ith
− 1

)
−
(

1

2τ1

I

Ith

)2
] 1

2

(3.5)

where γc is the cavity loss rate given by 1/τp, the inverse photon lifetime [125],

τ−1
p =

[
υgr

(
αi +

1

2L
ln

(
1

Rb

)
+

1−RAR
2LTeff

ln

(
1

Reff

))]
, (3.6)

where,

Reff =

[√
RAR +

√
αilRext (1−RAR)

1 +
√
RextRAR

]2

and, Teff = 1−Reff . (3.7)

τ1 is the upper laser level spontaneous lifetime, I is the DC injection current and Ith is the

laser threshold current, υgr is the group velocity, αi is the internal losses experienced

by the laser, αil is the insertion loss given as a unitless coefficient which defines the

coupling efficiency of the two cavities, L is the optical cavity length and Rb, RAR and

Rext are the uncoated rear diode facet, front anti-reflection coated facet and planar

output coupler mirror power reflectivities respectively. This expression indicates that

the relaxation frequency should increase with increasing DC injection current, and that

there should be a defined threshold current. As has been shown in figure 3.2 however,

no defined threshold current exists while the output coupler is turned away. Further,

without the presence of an optical cavity and hence stimulated emission beyond that

of single pass gain, there can be no resonant effect between photon and charge carrier



56 Chapter 3 Continuous Wave and Current Modulation Characterisation

numbers because no transient photon decay rate can be quantified. In conjunction with

this, at approximately 5.5 GHz the data exhibits a very small red shift of the peak

modulation response with increasing DC injection current, not the predicted blue shift.

It is therefore reasonable to conclude that this near factor of 10 improvement in the

modulation response is the result of a purely electronic resonance in the circuit path

before the recombination region and not relaxation oscillations.

Analysis of the temperature dependence of the diode laser optical modulation response

appears to further support the above conclusion. Generally speaking, through a concomi-

tant decrease in the threshold current and increase in external efficiency with decreasing

junction temperature, it would be expected that any relaxation oscillation frequency

would increase with increasing junction temperature and that the magnitude of the op-

tical response would increase with increasing external efficiency. The data in figure 3.6

however exhibits no apparent shift in frequency while supporting an increased external

efficiency.

The very low overall response of the diode to current modulation may seem alarmingly

small. This is expected however and can be easily explained by the lack of an optical

cavity which enforces a very small external quantum efficiency. Over a small enough

injection current region (2 mA) where the gradient can be approximated as linear, the

efficiency is measured to be ηext=0.006. This value is approximately 115 times smaller

than when the laser is operated above threshold.

The external cavity is now formed by realigning the 50% output coupler mirror and

optimising for minimum threshold. The external cavity length is adjusted to approxi-

mately match a 3 GHz FSR and the VNA frequency sweep is conducted for DC injection

currents below and above threshold. The data for this situation is shown in figure 3.7.

Immediately visible is the strong enhancement of the modulation response around the

external cavity fundamental frequency by approximately 50 dB as well as the overall im-

provement of the modulation response. Due to the presence of the cavity, between 200

kHz and the build up to the cavity resonance at 2.6 GHz, the modulation is enhanced

by 40 - 20 dB respectively. The overall decay in the modulation response is caused by

the decreased ability for the carrier concentration to follow the modulation signal as
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frequency increases. While the observed improvement in the modulation response of 50

dB at the cavity resonance is both significant and expected, the peak response is still at

-26.67 dB; well below the level expected for a device with low parasitic losses [65,73].

With the external cavity now restored, in order to make an estimation of the relaxation

frequency of laser configuration, we must first make some assumptions for the values of

variables in equation 3.5. Firstly τ1, the upper lasing level spontaneous lifetime varies

considerably between devices and structures and so we shall use a trial figure of 1 ns.

Calculation of the total group velocity for the composite cavity is not straightforward.

We do not know the dispersion properties of the semiconductor cavity or the glass

aspheric collimation lens, so a reasonable guess of the effective index of refraction over

the whole composite cavity of 1.1 is used. A summary of the values used and their

uncertainty is summarised in table 3.2. From these values we arrive at a relaxation

oscillation frequency of 1.107 ± 0.176 GHz which is plotted in figure 3.7. The features

observed in the modulation response below and above threshold align well with the

initial estimates of the experimental parameters. Curiously though, the behaviour of

the above threshold response around this calculated frequency does not portray the

usual peak in modulation response observed for true relaxation oscillations, see figure

4.10 in reference [113].

Variable Value Uncertainty

τ1 1 ns ±0.5 ns

υgr c/1.1 N/A

Rb 0.32 ±0.02

Rext 0.5 ±0.03

RAR 0.0003 +0.0003

I 11 mA ±0.005mA

Ith 8.96 mA ±0.04 mA

αil 20 cm−1 ±10 cm−1

Table 3.2: Summary of parameters used to calculate the relaxation oscillation
frequency and their respective errors.
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Figure 3.7: Comparison of the measured log magnitude S21 scattering parameter
for a diode in an external cavity for DC injection currents below and above
threshold. Approximately 50 dB of improvement in the modulation response
is observed at the external cavity fundamental resonance. The Intermediate
Frequency bandwidth was 100 Hz. The solid black line represents the calculated
relaxation oscillation frequency and the dashed lines represent the uncertainty
limits of this value.

3.4.1.1 Modulation Average Power

Subdivided from the coarse topic of mode-locked diode lasers, there exists a field of

reasearch which aims to explain observed optical effects by modelling the diode laser as

a collection of lumped circuit components [126–128]. This approach allows for modelling

of both the optical emission and electrical circuit properties, such as input impedance,

bond wire inductance, contact pad and semiconductor layer capacitance and other par-

asitic effects. While an in depth analysis of the laser emission via the circuit modelling

approach is beyond the scope of this project, we can nevertheless hybridly adopt this

tactic, in conjunction with an optical analysis method, to gain a ’first order’ insight into

the apparent bottleneck in the modulation response of these specific laser diode devices.
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To conduct this analysis, we first make the assumption that, on top of the DC injection

current, the average optical power emitted under current modulation scales linearly with

the average current injected by the modulation signal. This is a reasonable assumption

given that the frequency dependent differential optical gain of the laser scales linearly

with the injected charge carrier number if we assume a narrow emission linewidth with

respect to the overall gain bandwidth. Provided that an indication of the average injected

carrier number can be acquired through inspection of the measured average optical

power, with and without current modulation, it is possible to gain insight into the

degree of attenuation of the modulation signal.

With the external cavity in place, the laser is sinusoidally modulated at the cavity

fundamental frequency with a +27 dBm signal. Measurements of the average emitted

optical power are then made as a function of the DC injection current and detuning about

the position where the shortest optical pulses are observed for a DC injection current

of 15 mA. Figure 3.8 shows the current-power curve for the unmodulated laser and

the residual power between the modulated and unmodulated laser as a function of DC

injection current and modulator detuning. The residual is simply the difference between

the average optical power when the laser is in DC operation and the average optical

power when the laser is modulated. A positive value indicates a higher average emitted

power was observed when the laser current was modulated. For the zero detuning data

the maximum residual optical power is +406.1 µW which corresponds to 539±66 µA

RMS. By measurement of the S11 parameter, the total real impedance at 3 GHz is

approximately 10 ohms (figure 3.11). Because the laser diode is effectively in parallel

to ground with a 50 ohm termination, the calculated diode impedance is 12.5 ohms.

Using these impedance and current values the RMS voltage across the diode is ∼6.7 mV

which, given the +27 dBm input signal, corresponds to 0.30±0.04% of the modulation

signal reaching the active region. Accounting now for the power lost due to reflection

(figure 3.9) and approximate insertion loss into the bias tee, it is estimated that 5 dB

is lost giving a best estimate RF power after the bias tee of +22 dBm. As a result the

RMS voltage across the diode improves very slightly to 0.53±0.04%.
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Figure 3.8: Plots of the residual average output power between the CW and
mode-locked operation of the laser diode as a function of modulation frequency
and DC injection current. The unmodulated curve (crossed points) is a segment
of the data shown in figure 3.2 for reference. The legend frequencies are the
detuning values of the modulation frequency from the frequency corresponding
to the shortest measured optical pulse on an intensity auto-correlator. A positive
residual power represents an increased average power output as compared with
the unmodulated laser for a specific DC injection current.

3.4.2 RF Modulation S11 Response

The S11 scattering parameter is sensitive to the magnitude and phase of the modulation

signal which is back reflected by the load to the same port from which the modulation

signal originated. The magnitude of the S11 signal is therefore sensitive to all forms of

loss, including that of the signal which is lost to useful output, i.e. optical modulation.

It is however insensitive to the magnitude of each loss mechanism separately, and gives

only the total magnitude detected as a ratio of the power in the emitted signal. Figure

3.9 shows the S11 coefficient for three identical model number devices, in which ’Diode

3’ refers to the same device used for the previous S21 data.
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Figure 3.9: Comparison of the measured log magnitude S11 scattering parameter
for three identical part numbered laser diodes. A larger negative value signifies
a favourable ratio of incident to reflected RF modulation power.

Despite the preceding electronics being identical for all three diodes under test, there

exist significant differences in their respective electronic characteristics. The features for

Diode 3 which signify a severe drop in the magnitude of the back reflected RF signal

correspond well with the highlighted features in the S21 data. From this one can infer

that the RF power at these frequencies is resonant with the device and is acting to

improve the RF coupling into the laser recombination region. While the data is not

included, during testing all three of the apparent resonances around 5 - 6 GHz for the

respective laser diodes all corresponded to an increase in the S21 parameter response of

a comparable magnitude.

Thus far, no consideration has been extended to matching the impedance of the trans-

mission line (50 Ohm) to the impedance of the diode itself. The DC impedance of a

laser diode is of the order of 12 ohms [73, 129], however this is subject to change at

RF modulation frequencies as lumped circuit elements (such as resistors, diodes and

capacitors) have an associated phase response to an applied modulation signal, and so

the circuit impedance becomes complex.
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It has been shown that edge emitting semiconductor laser devices exhibit multiple par-

asitic effects. These effects include;

• Series resistance caused by the semiconductor cladding layer(s) between the metal

pad contact and the recombination region,

• inductance caused by the bond wires to the pad contacts,

• shunt resistance from leakage current not entering the recombination region,

• capacitance between the metallic pad contacts and any semi-insulating layers in

the device [128].

Though it is beyond the scope of this work to account for the specific parasitic effects of

every component in the circuit, an attempt to match the complex diode impedance to

that of the transmission line can be made by measuring the total device impedance via

the Smith chart functionality of the S11 parameter. In radio communications this process

is identical to matching an antenna impedance to the transmission line impedance so as

to maximise signal coupling to the antenna.

3.4.3 Impedance Matching

It is difficult to imagine a scenario in modern technology where one does not wish to

transmit information from one place to another, be that over a short distance between

specific devices, or long distances on a geological scale. Common to the vast majority of

scenarios and applications is the underlying desire to achieve the required transmission

of information with the greatest efficiency and, when integrated over time, the least

overall cost. Typically a given application will consist of the initial formation of the

signal to be transmitted, possibly followed by an amplification of this signal and finally

the transmission of this signal to either a intermediate device, such as an antenna, or the

recipient device which performs an appropriate analysis of the signal. The concept of

impedance is therefore incredibly important, especially so in RF applications. Typically,

equipment used in either RF signal generation, transmission and/or analysis have a

standardised input, output or line impedance. For most scientific equipment this tends
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to be Z0 = 50 Ohms, and indeed for radio communications it tends to be 75 Ohms. This

standardisation is born from a desire to maximise the signal coupling from one device or

component to another. In a way that is completely analogous to optical reflections that

occur at boundaries of unequal refractive index, electronic signals experience reflections

at boundaries of unequal impedance.

One of the core motivations for the historical development of the GaAs laser diode has

been through a desire to mass produce compact laser sources for reading compact disks.

Due to the data surface density and frequency of rotation, the pulsed operating regimes

of these lasers is generally no more than a few tens of MHz, where the modulation

response is sufficient without the need for impedance matching. In the GHz regime

however, as has been observed in figure 3.9, significant power reflection can occur. The

role of the impedance matching stub is therefore to bridge the impedance mismatch

between transmission line and load device.

The ’open’ stub is a small section of transmission line that extends normal to the main

transmission line which in effect forms a fixed path length Michelson interferometer.

As such, manufacturing the RF stub is easily accomplished using the microstrip trans-

mission line architecture and any suitable method for circuit board printing. Figure

3.10 shows a schematic diagram of the RF stub circuit layout and highlights how the

laser diode is connected to the circuit. The term ’open’ refers to the operating principle

whereby the stub does not short to ground, as opposed by the ’short’ stub which is

shorted to the ground plane.

RF stub matching has been demonstrated with laser diode modulation applications in

the 0.5 - 5 GHz range [130] as well as for modulation frequencies up to 40 GHz [79,131].

Stub matching has also been attempted under the desire to improve the magnitude of

sideband generation for atomic physics experiments [132].
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Figure 3.10: Schematic diagram of the RF impedance matching stub. The
impedance of the transmission line is determined by the copper track width,
thickness, ground plane separation and dielectric material properties, and should
be designed to match that of the connecting transmission line entering from the
right. The ground plane is the formed by the copper on the opposite side of the
copper board.

Figure 3.11 shows the real (top) and imaginary (bottom) parts of the complex impedance

of the circuit and transmission line circuit as a function of ωm. To be able to interpret

this data appropriately, a perfect match is where the complex impedance of the load

equals that of the preceding transmission line resulting in zero signal reflection. This

is represented, in terms of the complex impedance, as the real part tending towards

the characteristic impedance of the transmission line (in this case 50 ohms) and the

imaginary part tending towards zero, and is written as Z = R + jX Ohms. The latter

condition can be understood as a lack of phase lead or lag between the transmission

line and the load, while the former is analogous to the magnitude difference in a step-

like refractive index change between two media. It is clear that the frequencies where

the complex impedance matching is superior corresponds well to both the significant

features of reduced reflected modulation signal in figure 3.9 and the improved optical

modulation response in figure 3.6.

The noticeable periodicity in the complex impedance data was somewhat unexpected.

Analysis of the data for the real impedance reveals a peak spacing of 77 MHz. By

assuming a signal propagation velocity in the coaxial cable of c
1.5 , plugging this index

of refraction into the equation for the mode separation in a Fabry-Perot resonator A.27

where m=1 and solving for the cavity length, the result is a length corresponding almost

exactly to the length of SMA coaxial cable between the VNA port and the Bias-T used

to couple the AC signal onto the DC laser injection current.
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Figure 3.11: Measurement of the diode laser complex impedance derived from
the measured S11 parameter. For a 50 ohm transmission line, a load complex
impedance, Z = 50 + i0 ohms represents a perfect impedance match. The
sharp drops in reflected magnitude in figure 3.9 correspond with the impedance
matching of circuit at those frequencies. The measurement is taken using diode
3.

The RF impedance matching stub can be designed for our specific circuit using the above

data for the complex impedance in the more useful form of the Smith chart [133]. A

detailed description of how to match a load to a transmission line is given in the reference

[134]. The basic operating principle of the RF stub is to act as an interferometer, where

the path lengths are given by the load to stub distance and the length of the stub itself.

The basic design procedure is as follows. On the Smith chart, all impedance values are

normalised against the characteristic impedance of the system which in most cases is

50 Ohms i.e. (50 Ohms = 1, 100 Ohms = 2, etc). One full rotation around the Smith

chart corresponds to a physical distance moved of c
2ηωm

, i.e. half of the refractive index

corrected wavelength corresponding to ωm. The complex impedance coordinate of the

load at the desired modulation frequency, which is read directly from figure 3.11, is

plotted on the Smith chart. The linear displacement of the coordinate from the Smith

chart centre (1 on the purely real axis) is used as a radius to draw a circle around

this central point. This circle (when followed clockwise from the load) will intersect
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the 50 Ohm circle twice. These intersection positions each correspond to a distance in

wavelengths from the load where the stub may be positioned. These distances may be

read off directly from the perimeter of the Smith chart. Each intersection corresponds

to a certain reactance, and the symmetry about the real impedance axis dictates that

the symmetric intersections have the same magnitude of reactance but are opposite in

sign. The length of the stub itself is given by the distance (in wavelengths) from the

”open circuit” point to the opposite chosen reactance value. Therefore, for the load

to be matched, the stub should contribute a reactance to the circuit which is equal

in magnitude and opposite in sign to the reactance corresponding to the first point

intersection with the 50 Ohm circle;

Z = 1 + jX − jX = 1 + j0 Ω, (3.8)

hence the stub cancels the reactance of the load and only the real 50 Ohm impedance

remains. The circuit is now matched. The stub is most easily fabricated using the

microstrip transmission line technology whereby the dielectric constant, track thick-

ness, width and separation are easily chosen to give a transmission line with a 50 Ohm

impedance.

Figure 3.12 shows plots of the log magnitude S11 parameter taken for the final stub

(bottom) and Standing Wave Ratio (SWR) (top right). The top left plot is a crop of

the stub resonance shown in the bottom plot. This data reveals a greater than 47 dB

improvement in the suppression of the back reflected modulation power at 3.26 GHz with

a 3 dB full width of 2 MHz. Correspondingly the value of the SWR at resonance is 1.006,

signifying a near perfect match. The resonance full width is also well within the cavity

length adjustment accuracy as defined by the fine adjustment screws. The adjustment

screws employed here have a thread pitch of 100 turns per inch of linear adjustment,

which corresponds to approximately 18 MHz change in FSR per single rotation.
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Figure 3.12: Measurement of the RF stub matching circuit log magnitude and
SWR S11 scattering parameter (top) and comparison to the un-matched load
(bottom). A standing wave ratio equal to unity describes a perfect impedance
match to the transmission line.

Despite the clear evidence of the matching circuit working as desired in terms of the

modulation signal reflection, we observed < 4 dB of improvement in the S21 modulation

response when used without an external cavity and no improvement in the optical pulse

width when later analysed by intensity autocorrelation. This result is both disappoint-

ing and puzzling, especially given the previous analysis where significant drops in the

magnitude of the S11 data correspond well with the noticeable modulations enhance-

ments visible in the S21 data. Given the improvement of the S11 parameter from 0.43

to 8×10−6 , and a measured complex impedance on resonance of Z = 1.004 - j0.006 (Z

= 50.2 - j0.3) Ohms, it was expected that the modulation response would see a marked

improvement. This potentially highlights a significant issue with these devices. If ab-

sorption or radiative emission by the matching circuit is momentarily neglected, it is

possible that the device parasitics are damping or radiating the RF signal; about which

little can be done.
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Some time after attempting the stub impedance matching, it came to our attention

that there was a possibility that the PCB material on which the microstrip RF stub

was fabricated might be unsuitable for modulation frequencies above 1 GHz [135]. It is

reported that certain PCB dielectric materials suffer from high levels of attenuation of

high frequency AC signals, and among them is FR-4 - the material from which our stub

was fabricated. With access to a FLIR thermal imaging camera we were able to take

thermal images of the stub while a resonant +27 dBm modulation signal was applied.

Figure 3.13 shows a tilled time lapse set of images taken approximately every 7 seconds

(limited by the single frame acquisition and saving time of the camera) over a 2 minute

period. Within this period it can easily be seen that three small sections of the PCB

material are acting as heat sources and the front most section rises by 15◦C. As heat

conduction from this area is limited, this area rises in temperature significantly faster.

When the RF power is initially turned on the end of the stub itself appears to rise in

temperature the fastest. This is attributed to the strong increase in energy density at

this position due to the spectral reflection of the modulation power at the end of the

transmission line. The camera was not calibrated for the emissivity of the substrate and

so the recorded changes in temperature are relative only.
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Figure 3.13: Transient heating of the RF stub under strong (+27 dBm) RF
modulation measured with an IR camera over a 2 minute window. The stub
was allowed equalise with the ambient temperature before the sequence was
captured. Image interval is approximately 7 seconds. The RF modulation signal
is incident from the right and the diode pins are soldered to the transmission
line and ground plane at the far end of the stub.





Chapter 4

Active Mode-Locking

Characterisation

This chapter presents the parameter space characterisations of these specific semicon-

ductor devices in order to determine the optimal operating conditions for generating a

mini optical frequency comb. The four main experimental parameters we have access

to are the DC injection current, diode substrate temperature, RF modulation frequency

and RF modulation power. Analysis of the effects of these parameters is conducted using

an intensity autocorrelator, optical spectrum analyser and RF spectrum analyser, and

therefore experimental results for the temporal pulse width, spectral FWHM, spectral

peak wavelength, time-bandwidth product and autocorrelator pedestal characteristics

may be achieved. It should be noted that for all surface plots the measured data points

are represented by the corners of each surface element and not the centre, and the ele-

ment colour is determined from the average of the values of the respective four corner

z-axis values.

Plotted in figure 4.1 are examples of processed data from the intensity autocorrelator

(A) and optical spectrum analyser (B). The former displays the entire recorded trace

from the storage oscilloscope and is the averaged result of 64 consecutive, 100k point

record length samples over approximately 5 seconds. In the first instance an average

of the first ten thousand points are taken and subtracted off the entire record so as to

71
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nullify any zero offset voltage outside the scan range of the autocorrelator. Using an

appropriate initial best guess for the peak position, a Gaussian lineshape is fit to the

autocorrelation via the non-linear least-squares fitting (lsqcurvefit) functionality built

into Matlab. From the fit the Gaussian lineshape parameters and their respective stan-

dard uncertainties are extracted and used to populate the respective following surface

plots for the aforementioned parameter space characterisations. The error in the calcu-

lated Gaussian FWHM parameter for each plot of the temporal pulse width is plotted

in figures B.1 and B.2 as separate surface plots.
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Figure 4.1: Example mode-locked operation data for (A) the pulse intensity
autocorrelation, and (B) the optical spectrum. The former shows the full width
of the oscilloscope sample. The raised pedestal represents the full temporal
scan range of the intensity autocorrelator and is also indicative of the presence
of CW optical components. The presence of the coherence spike is indicative of
noise in the optical modes and its width is given by the inverse spectral width
of the noise content. Asymmetry in the shape of the coherence spike is due to
the resolution limit of the autocorrelator.

For the optical spectrum, no specific ’standard’ lineshape can be fitted to the data on

account of the asymmetry and volatile nature of the shape of the emitted optical spec-

trum. As a result, the optical spectral width is generally determined by converting
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from logarithmic to a linear power scale, normalising the peak power to unity, trun-

cating the data to preserve only power values ≥0.5 and extracting the spectral sepa-

ration by considering the difference between the minimum and maximum wavelength

values of the newly truncated power data. This imposes a minimum spectral FWHM

uncertainty of twice the wavelength interval between data points, in addition to the

spectral resolution of the optical spectrum analyser and is given by, λFWHM uncer-

tainty = ±2×(0.05+0.01) nm = ±0.12 nm.

4.1 Mode-Locking Characteristics

4.1.1 Temporal Pulse Characteristics

We begin the mode-locking characterisation by considering the temporal characteristics

of the optical pulse as a function of the four parameters. Figure 4.2(A) displays the

pulse FWHM as a function of DC injection current and housing temperature. The

initial starting parameters around which the exploration was conducted were 15 mA

and 12.5◦C. This starting temperature represents the lowest stable casing temperature

for which water condensation did not occur. It was possible to hold the temperature

below this for only short periods of time before condensation became problematic. At

best the pulse width was 23.60±0.01 ps while the opposite corner of the parameter space

exhibits pulse width increases by approximately 60% to 38.58±0.02 ps.

There are two clear trends to the data; increasing the injection current from threshold

improves the pulse width and decreasing the temperature for a given injection current

also improves the pulse width. The former is attributed to reaching a balance between

the magnitude of the gain modulation above threshold and the tendency for the laser to

collapse into CW operation at high DC currents. Near threshold, while the window of net

gain is at it’s narrowest, the magnitude of the gain modulation is also at it’s lowest. By

increasing the injection current, a region of the modulation signal which would otherwise

drop the laser below threshold now provides net positive current. Ideally, due to the

charge trapping mechanism in the semiconductor structure, carriers cannot be pulled

in the reverse direction back out of the diode. In reality there exists a finite reverse
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current governed by thermionic emission and is very generally of the order of 1 µA [136].

Simultaneously, increasing the DC injection current also results in a decrease in the

proportion of time during each modulation cycle for which the laser is operating below

threshold, and hence there will reach a point when the gain modulation is insufficient and

the laser will collapse into a CW state. This transition is apparent from an increasing

pulse width and the visible pedestal on the autocorrelation trace (figure 4.3(A)).

The latter trend is attributed to the effects of the temperature on the laser threshold

current, modulation bandwidth and external differential efficiency [126,137]. Reduction

of the junction temperature reduces the laser threshold current (yielding behaviour as

described above) and increases the differential external efficiency. The first effect, within

the confines of the above former trend, can exhibit an improvement in the pulse width

for a given injection current while the second effect acts to increase the gradient of

power-current curve above threshold via an increase in the differential gain coefficient.

A very brief analysis regarding the magnitude of the DC injection current and its de-

pendence on the pulse width is given in [138] and [139]. In the former reference it is

stated that the shortest optical pulses are achieved for a DC injection current 20 mA

(83%) above threshold which, from reference [73], Ith = 24 mA. Equally, in the lat-

ter reference, a minimum pulse width of ∼12 ps is achieved for a DC injection current

37.5 mA (45%) above threshold. From figure 4.2 the minimum pulse width occurs at

16 mA, or approximately 78% of threshold, which therefore fits into the range set out

by the stated literature. Furthermore our presented trend for the relationship between

pulse width and DC injection current is also a qualitative match to that described in

the stated references.
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Figure 4.2: Pulse temporal width characteristics for DC injection current, diode
case temperature, modulation frequency detuning and RF modulation power
parameter spaces

Figure 4.2(B) shows the optical pulse width as a function of DC injection current and
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RF modulation frequency. The parameter space is an exploration around an initial ’best

guess’ position of IDC = 15 mA, T = 12◦C and ωm = 3.266 GHz, achieving a pulse width

of 23.79±0.01(0) ps. The position of the shortest pulse (21.55±0.01(1) ps) corresponds

to 12 mA at a modulation frequency of 3.260 GHz.

The salient feature immediately visible in the data is that the change in pulse width

about the minimum for a given DC injection current is strongly asymmetric. Morton

et al [139] have linked this effect to dynamic detuning of the pulse arrival time with

respect to the gain modulation waveform, which can be understood as follows. Consider

first the pulse build up process when the modulation is initiated. In the first instance

the laser is in CW oscillation above threshold with no modulation. As the modulation

source is engaged a pulse begins to build up from the centre of the positive region of the

modulation waveform while the drop in gain during the negative region aids in dropping

the laser out of CW operation. Over multiple round trips the pulse power increases

to the point where the gain starts to saturate. This gain saturation occurs due to the

strong depletion of charge carriers in the active region via stimulated emission. Upon

encountering gain saturation the pulse experiences a spatial gain imbalance whereby the

rising edge of the pulse experiences more gain than the falling edge of the pulse, and so

the pulse is pulled towards an earlier position on the modulation cycle. According to

[139], for steady state pulse operation to be achieved, all positions on the pulse waveform

must observe an identical gain per cavity round trip. The pulse therefore must move to

a position on the modulation waveform where the time dependent effect of population

depletion (by stimulated emission and hence gain saturation) is countered by population

recovery (due to the rate of change of charge injection by the modulation signal). It is

reported in the same work that this is the only position where the system is stable and

that this is also the physical process behind both the minimum achievable pulse width

and the eventual appearance of trailing pulses in the time domain as modulation power

is increased.

Detuning of the modulation frequency to a lower frequency artificially forces the pulse to

arrive at an earlier position on the modulation cycle. At this slightly earlier position the

gain gradient is steeper which acts to decrease the pulse width and hence the rate of gain
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saturation must then also increase . The system is unable to find a steady state position

and so the pulse disintegrates rapidly with red detuning of the modulation frequency.

Blue detuning of the modulation frequency forces the pulse to arrive at a later position

on the modulation cycle where the rate of charge population recovery is reduced. For

the identical gain per round trip condition to be met, the pulse width therefore must

increase to reduce the gain saturation. The form of the data presented in figure 4.2(B)

agrees qualitatively with van der Ziel [138], Morton et al [139], Goodwin et al [140] and

Lowery et al [71].

The dependence of the achievable pulse width as a function of the modulation current

has been reported by Bowers et al [73], whereby their calculations reveal a strongly

non-linear relationship between the pulse width as a function of modulation current.

It can be deduced from their results that achieving pulse widths below 10 ps requires

approximately only 10 mApp and dropping below 1 ps requires approximately 40 mApp

for a monolithic cavity length of 260 µm. Assuming comparable waveguide thickness

and width to the devices used here, these values would need to be almost tripled to

achieve comparable current densities which highlights a potential bottleneck with our

devices. A marked change in gradient of their (calculated) dependence of pulse width on

modulation current to a lower value is attributed to the turn on of laser parasitics which

act to block the current from entering the active region. Figure 4.2(C) demonstrates

the relationship between modulation power and optical pulse width for our devices. For

all DC injection currents tested, the pulse width exhibits a non-linear trend towards a

shorter pulse width for increasing modulation power. The low power, high DC injection

current region indicates the onset of CW operation. This behaviour is not replicated at

the low DC injection current region because near threshold the negative portion of the

modulation cycle is likely to still be able to drop the laser below threshold. A concerning

trend is the visibly weakening influence the increasing modulation power is having on

the resulting pulse widths. Exactly why this is occurring is unconfirmed, however a safe

postulate is that the laser parasitics are giving rise to diminishing returns for increasing

modulation power.

According to the works of Haus [141] and Schell et al [34], the pulse width is inversely
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proportional to the fourth root of the modulation strength, dJ/dt. This reveals that

the pulse width may be reduced not only by increasing the modulation power, but also

by increasing the modulation frequency. Due to high frequency limitations of our RF

amplifier it was not possible to modulate the laser beyond 4.2 GHz. Results presented in

reference [73] and [139] for a semi-insulating planar buried heterostructure (SIPBH) laser

diode - a device specifically tailored for high modulation bandwidth and efficient charge

channelling into the active layer - the minimum achievable pulse width for 2 GHz , +26

dBm modulation and a 2 GHz composite external cavity was 5 ps. For the same cavity

length and modulation at the second cavity harmonic of 6 GHz pulse widths of <1 ps

were achieved. Though the shortest optical pulses are not our primary objective, for

transform limited pulses, where shorter optical pulses implies a broader optical spectrum,

this trend highlights the critical importance of the modulation bandwidth of the device

which is to be actively mode-locked.

Results in figure 4.3(A-C) show the measured intensity autocorrelation flat pedestal

height as a percentage of the pulse peak height. A flat pedestal is observed when the

laser is not completely mode-locked and is therefore a manifestation of CW components

being present in the beam. For all three figures we observe a strong correlation between

favourable pedestal heights and short optical pulses, which supports the mode-locked

nature of the laser under optimal conditions.
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Figure 4.3: Intensity autocorrelation trace pedestal characteristics for DC injec-
tion current, diode case temperature, modulation frequency detuning and RF
modulation power parameter spaces
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4.1.2 Spectral Pulse Characteristics

As a reminder, the core aim of this work is to build and demonstrate a mini frequency

comb so as to provide a stable frequency reference around the D2 transition in Rubidium.

While the literature has a tendency to concentrate on the generation of the shortest

optical pulses, instead the main concern here is the width of the optical coverage and

therefore to demonstrate not necessarily a perfectly transform limited optical pulse,

but a stable frequency comb spanning approximately 1 nm. Naturally we would prefer

to demonstrate both, but a non-transform limited pulse does not automatically define

instability. Subsequently we now consider the optical spectral width and peak position

in order to determine the optimal operating conditions for the laser diodes.

As a result of manufacturing tolerances and the specific operating environment, laser

diodes seldom operate at the desired wavelength for a given experiment ’out of the box’.

Temperature tuning and/or a dispersive intra-cavity element is typically employed to

shift the wavelength to the desired position1. In this section the Eagleyard diodes

are characterised under free running mode-locked operation with only a planar, non-

dispersive output coupler mirror and so the diode operating wavelength is defined solely

by the position of the gain curve and the spectral properties of the cold cavity. For

nominal operating conditions (IDC = 15 mA, T=12◦C and ωm = 3.266 GHz), the laser

appears to operate at the centre of its gain linewidth at 785 nm. It is intended that

a thin, uncoated, fused silica etalon will be employed in conjunction with temperature

tuning to reach a central operating wavelength equal to the 85Rb hyperfine ’cooling’

transition at 780.244 nm.

Figures 4.4 and 4.5 show the optical spectrum FWHM and spectral peak wavelengths

respectively for the same parameter space characterisation as above. With reference

back to figure 4.2(A), we observe the expected trend in the spectral FWHM where

conditions aiding the shortening of the optical pulse concurrently aid in broadening the

optical spectrum.

1DFB and DBR lasers are an exception because their design is very specific to a desired wavelength.
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Figure 4.4: Spectral FWHM characteristics for DC injection current, diode
case temperature, modulation frequency detuning and RF modulation power
parameter spaces.
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Likewise the opposite low current, high temperature region observes the narrowest op-

tical spectral width. With respect to the overall requirements of our intended system,

a spectral width ≥1 nm is sufficient. The spectral width for all plotted data points are

greater than 1 nm and so the important temperature effects on the operation of the laser

diode may be limited to central wavelength tuning.

The variation of the spectral FWHM as a function of modulation frequency is not

entirely obvious. In the low frequency detuning region (3.24 - 3.26 GHz, where in figure

4.2(B) the pulse width sharply increased to beyond 50 ps for all plotted DC injection

currents), the spectral FWHM sharply drops to 0.06 nm which corresponds well to the

wavelength resolution limit of the optical spectrum analyser. The laser may be assumed

to be in CW operation in this region. In the high DC injection current region of this

modulation frequency space, there appears to exist some parameter combinations that

produce non-resolution limited spectral widths. Where this region corresponds to the

highest pulse widths observed in figure 4.2(B), it is perhaps logical to assume that this

spectral broadening is highly unstable and certainly unusable as a frequency comb. This

spectral behaviour will be revealed in greater detail in chapter 5.

Above 3.26 GHz the optical spectral width sharply increases to above 1 nm and plateaus

with an approximate increase in spectral width of only +0.012 nm/MHz. This trend is

not immediately intuitive as it would be expected that as the pulse width increases the

spectral width would fall, as per the lower modulation frequency region. This observed

trend in the high modulation frequency region is however explainable in terms of the

same dynamic detuning of the optical pulse framework. By forcing the pulse to arrive

at a time closer to the modulation cycle peak than is stable, the modulation can no

longer completely counter the effects of gain saturation and hence the pulse broadens.

This results in a net population depletion gradient across the pulse and hence gives rise

to a refractive index gradient. This in turn causes a frequency chirp across the pulse

which broadens the pulse, and the spectral width increases due to the pulse arrival at a

position of higher overall gain than in the stable steady state.

Plotted in figure 4.4(C) is the spectral FWHM dependence on DC injection current and

modulation power. Good qualitative agreement exists between this figure, figure 4.2(C)
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and figure 4.3 in terms of the gradual improvement of the mode-locking performance

(shorter pulses, lower pedestal and increased spectral width) for increasing modulation

power. The reason for this, as described already, is the increase in the rate of change of

charge carriers entering the active region for higher modulation powers. Equally the high

DC current / low modulation power region where the spectral width drops markedly to

approximately the resolution limit of the optical spectrum analyser highlights the region

where the laser is likely in CW operation.

Unlike in the earlier test of the current and temperature dependence of the central

operating wavelength, the laser cavity no longer contains a frequency dispersive element,

nor is the laser emission being forced to operate anywhere other than that defined by

the gain linewidth. Calculated from 4.5(A) we arrive at a new set of wavelength tuning

rates of +0.053±0.006 nm/mA and +0.275±0.015 nm/K (-25.75±2.92 GHz/mA and

-133.66±7.29 GHz/K), as compared with -808±29 MHz/mA and -4.790±0.281 GHz/K

from before. The new value for the temperature tuning is in line with values stated

in [83,142], however the revised current tuning rate is significantly higher than expected;

approximately -1 GHz/mA is expected in accordance with reference [142].
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Figure 4.5: Spectral peak (tuning) characteristics for DC injection current,
diode case temperature, modulation frequency detuning and RF modulation
power parameter spaces.
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4.1.3 Time-Bandwidth Product

The Time-Bandwidth Product is the unitless product of the pulse temporal width in sec-

onds and the optical FWHM bandwidth in hertz, and provides a metric for determining

the quality of the generated optical pulses. For a Gaussian, sech2 and Lorentzian pulse,

the constant corresponding to a transform-limited pulse is equal to 0.44, 0.315 and 0.142

respectively. A pulse is said to be transform-limited when the temporal width for a spe-

cific pulse shape is the narrowest that the corresponding optical spectrum can support.

It follows therefore that a pulse of greater temporal width than the transform limit must

contain errors in some or all of the phases of the constituent optical modes. The most

basic of phase errors is that of noise in the optical phase causing a spatial distribution

in the positions of constant phase, and is caused by excessive spontaneous emission cou-

pling into the oscillating optical modes [122]. Other noise sources, such as noise present

in the active modulation signal, DC injection current and mechanical perturbation may

also contribute to the formation of non-transform limited pulses. Another possible rea-

son is that of significant spectral phase structure in the pulse (which may be linear or

non-linear) caused by chromatic dispersion and optical non-linearities. The presence

of chromatic dispersion causes the pulse to become either linearly and/or non-linearly

chirped. Spectral chirp in semiconductor lasers may be corrected by application of the

appropriate opposite chromatic dispersion as demonstrated in references [116,143–149].

One more possible reason for a non-transform-limited optical pulse is the so called clus-

tered mode-locking regime [125, 141]. In this regime, the output observed by intensity

autocorrleation is a broad Gaussian shape, typically with a coherence spike and many

times the transform limit, which consists of multiple, temporally overlapped, near trans-

form limited pulses. The effect is the result of bandwidth limiting etalon behaviour

within the optical spectrum, and poor optical modulation depth resulting in sub-critical

coherence transfer between the modes oscillating in adjacent etalon modes. Specifically

with mode-locked diode lasers, the imperfect AR coating on the internal diode facet

causes significant spectral filtering at the monolithic cavity mode spacing. For our spe-

cific devices, with an effective optical path length given by 2nl, the monolithic cavity
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FSR is ∼56 GHz. Assuming each 56 GHz wide cluster of composite cavity modes forms

a Gaussian transform limited pulse, these pulses would be 7.9 ps in duration.

Figure 4.6 shows the calculated values for the time-bandwidth product derived from

the above data. These data serve to confirm much of the above analysis regarding the

CW and mode-locked operating regimes, while equally highlighting potentially signifi-

cant issues with the specific laser devices. In the DC injection current / temperature

parameter space (figure 4.6(A)), the best time-bandwidth product observed at 14 mA /

11◦C is 16.97±1.51, which is approximately 38 times the transform limit.

Figure 4.6(B) demonstrates two clear regions of different behaviour separated by the

line of constant modulation frequency equal to ∼3.26 GHz (approximately the optimum

for mode-locking performance). Towards higher modulation frequencies, as observed in

figures 4.2(B) and 4.4(B), simultaneous temporal and specral broadening occurs, and this

manifests in figure 4.6(B) as a steady increase in the time-bandiwdth product. Towards

lower modulation frequencies however, where the pulse temporal width is observed to

increase sharply and the spectral width is observed to decrease sharply (to approximately

the spectrum analyser resolution limit) and become erratic, the laser is assumed to

be operating outside the mode-locked region in a fashion more closely resembling CW

operation. Recall that in this region, the active modulation is attempting to establish

mode-locked operation, however no stable state can be reached and hence we observe the

erratic nature of the optical spectrum. It is possible also that any discernible line shape

on the intensity autocorrelation may be due to mode beating; The strong RF modulation

is giving rise to Bessel function frequency- and amplitude modulation sidebands which

are beating to give intensity variations.

Figure 4.6(C) also shows two clear regions where the laser is in mode-locked and CW

operation. In the high DC injection current/low RF modulation power region the time

bandwidth product has dropped significantly suggesting the laser is operating in CW. As

the modulation power is increased, and/or the DC injection current is reduced, mode-

locked operation is established.
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Figure 4.6: Time Bandwidth product characteristics for DC injection current,
diode case temperature, modulation frequency detuning and RF modulation
power parameter spaces.

This brief consideration of the time bandwidth product has been conducted for two
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reasons. In the first instance it provides an indication of the quality of the optical

pulses, while in the second instance it allows a grasp of the dynamic behaviour between

the pulse temporal and spectral width, as a function of the experimental variables, in a

single surface plot. In the context of the frequency comb however, around the notionally

optimal parameters for optimal mode-locking performance, the precise value of the time

bandwidth product is of limited practical importance as by itself it does not define the

properties of the optical modes comprising the frequency comb. As stated previously, it

is possible to have both a useful frequency comb (in the present context of a frequency

reference for Rubidium) in that the modes are phase stable and pulses which are far

from the transform limit. Naturally it would be favourable to have transform limited

pulses, as this intrinsically implies the phase stability of the comb modes. Indeed, as

transform limited pulses have not been achieved, we aim to explore the phase stability

of the frequency comb in chapter 7.

4.2 Wavelength Tuning to 780 nm

So far in this thesis the laser emission wavelength has been entirely governed by the

free running position of the gain profile and the axial mode structure of the composite

laser cavity. No attempt has been made to alter these conditions in a targeted way

other than to systematically alter operating conditions such as current, temperature,

etc, to determine tuning rates of measurable emission characteristics. Now that the

mode-locked laser output characteristics have been achieved, it is prudent to recall that

the optical transitions in Rubidium we wish to surround are approximately 5 nm away

at 780.244 nm. To aid in tuning the emission, a combination of temperature tuning

and the addition of a thin, uncoated, fused silica etalon (20 µm thickness, ∼10 nm

FSR) is used to achieve the desired emission wavelength. The total change in housing

temperature was 17◦C from +12 to -5 degrees which placed the diode well outside the

manufacturers recommended operating temperature range. Further, because the new

case temperature is well below the dew point of the laboratory, a custom acrylic box was

machined and constructed to enclose the laser and a Thorlabs laser window (WL11050-

C13) was integrated into the housing. Standard dry nitrogen gas was trickled into the
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housing both to create an atmosphere purged of water vapour and to generate a positive

pressure gradient to keep water vapour from diffusing into the housing. A standard 10

m3 fill volume Nitrogen bottle would last approximately 2 weeks.

Towards the end of the experimental work conducted to characterise the mode-locking

performance at its free running wavelength, it became apparent that the laser diode in

use may be supporting what appeared to be a higher order spatial mode. In the first

instance, by inspecting the rejected light at the first polarising beam splitter cube on the

Faraday optical isolator, it became clear that the rejected light had the appearance of a

TEM10 Hermite-Gaussian (HG) transverse mode, polarised orthogonally to the central

TEM00 mode2. Measurement of the respective powers transmitted and rejected at the

isolator revealed a power ratio of 4:1 (00:10). Where the two modes are orthogonally

polarised, it is reasonable to investigate the use of a linear polariser inside the laser cavity

to reject this higher order mode. We employ an AR coated polarising beam splitter

cube (Thorlabs PBS102) which provides ∼60 dB of round trip loss and is mounted in

the external cavity such that the cube faces are slightly rotated from perfectly normal

to the beam axis to avoid back reflection. Figure 4.7 shows two different knife-edge

beam profiles and their respective Gaussian fits for the laser operating with and without

the intra-cavity polariser. The knife is translated horizontally across the beam so as to

obscure one lobe of the 10 mode before the other.

2By nature of the orthogonal polarisation relationship, we have not invalidated any results thus far
on account of the optical isolator; only the 00 mode is transmitted and hence all measurements up to
now are of this lowest order component. Conversely however, if indeed this other component is a higher
order Hermite-Gaussian spatial mode, it’s presence in the laser cavity could have a destabilising effect
and potentially go some way towards explaining the significantly longer pulses than expected for the
corresponding spectral width.
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Figure 4.7: Knife-edge beam profiles of the mode-locked laser without and with
an intra-cavity linear polariser.

From the data in figure 4.7, no clearly identifiable spatial mode profile of higher order

than 00 is visible for when not using the polariser. The presence of a HG TEM10 mode

on top of the 00 mode would present as visible undulations in the downward slope either

side of the peak intensity. Curiously however, the FWHM parameter changes noticeably

between the two intensity profiles, whereby without the polariser the beam radius is

1.810±0.009 mm and the radius with the polariser is 1.630±0.008 mm, as determined

by the Gaussian fit for each curve. This ∼10% reduction in the beam width is certainly

caused by the rejection of the light in the opposite polarisation, however this result is

perplexing. The light is linearly polarised which rules out the possibility that its origin

is simply that of spontaneous emission, yet without the intra-cavity polariser the beam

does not adopt a profile consistent with the addition of a defined higher order spatial

mode. This behaviour is not unique to this specific diode as all previously used diodes

of the same model number were also confirmed to behave in this way. In any case, initial

testing of the laser with and without the intra-cavity polariser revealed no noticeable

changes in the best achievable emission characteristics.
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Following this brief digression we return now to the re-characterisation of the laser now

that the wavelength has been tuned to 780 nm. With the polariser and thin etalon in

place the mode-locked laser emission is characterised in the same way as section 4.1 and

the salient behaviour is plotted in figures 4.8 and 4.9.

Figure 4.8 shows plots of the temporal (A) and spectral (B) width of the tuned diode

laser respectively. While the presence of the linear polariser in the cavity increased the

laser threshold current considerably, the counter effect of reducing the threshold current

with reduced junction temperature resulted in a threshold current approximately only

1 mA higher than in previous experiments (∼10 mA). Similarly to before the wavelength

tuning, the mode-locking performance in terms of the temporal pulse width very near

threshold degrades significantly. It is apparent that the temporal pulse width minimum

degrades marginally to 22.18±0.01 ps, as compared to 21.55±0.01 ps from figure 4.2,

and maintains a pulse width below 25 ps for all tested temperatures at all tested DC

injection currents above and including 14 mA (∼140% of threshold).
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Figure 4.8: Characteristics of the mode-locked diode laser once wavelength
tuned to ∼780.2 nm. (A); Temporal pulse width as a function of DC injec-
tion current and case temperature, (B); spectral FWHM as a function of DC
injection current and case temperature.

In figure 4.9(A) we show the measured spectral peak position as a function of mount

temperature and DC injection current. From this plot it is determined that the wave-

length tuning rates are +0.117 ± 0.031 nm/K and +0.03 ± 0.06 nm/mA. Observed

is almost a factor of 2 drop in the tuning rates when compared with the free running

characterisation (+0.275 ± 0.015 nm/K and +0.053 ± 0.006 nm/mA). This change is

attributed to the competition between the loss induced by the thin etalon and the actual

shift of the gain curve as a function of the altered variables. If the peak of the laser

gain profile is shifted away from the transmission peak of the etalon, the spectral posi-

tion observing the least round trip loss, which exists somewhere between the two peaks,
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does not necessarily translate in frequency at the same rate as the gain curve when an

experimental parameter is changed. From the data in figure 4.9(B) We also observe a

slight improvement in the optimum time-bandwidth product for the tuned laser from

16.97±1.51 to 13.41±1.32.
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Figure 4.9: Time Bandwidth product characteristics for DC injection current,
diode case temperature, modulation frequency detuning and RF modulation
power parameter spaces.

Overall the emission characteristics of the laser appear largely unchanged by the tuning

of the laser to 780 nm. The higher order spatial mode supported by the laser cavity

appears to have little effect on the laser output characteristics, as the parameters of

primary interest, i.e., the pulse temporal and spectral width, behave seemingly identi-

cally to the characterisation of the laser at ∼785 nm. We tentatively attribute this to
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the fact that the two spatial modes3 are of orthogonal polarisations, meaning that any

interaction between them must be via the carrier density in the active region. From

reference [36], the intra-band carrier diffusion time has been measured to be of the order

of 50 fs. Given that the measured pulse temporal width in both this section and the

previous is nearly three orders of magnitude longer than this timescale, it is reasonable

to conclude that the higher order spatial mode is not having a detrimental (or otherwise)

effect on the fundamental mode when considering the mode-locking performance.

4.3 Modulator Characteristics

Of the salient parameters for achieving active mode-locking, the quality of the modu-

lation signal is of great importance. It is widely agreed that low phase noise is critical

to stable active mode-locking [118] and so in this section we briefly focus on charac-

terising the modulation signal. In the time domain the modulation signal defines the

temporal position of the pulse. If the pulse arrives at a position on the modulation cycle

which differs from the steady state position, the modulation signal will act to pull the

pulse towards the steady state position through preferential amplification of the leading

or trailing edge of the pulse. The detectable manifestation of modulation signal phase

noise is jitter in the pulse to pulse temporal separation. In the spectral domain the

modulation signal directly defines the optical mode separation and hence noise in the

modulation signal will subsequently translate to noise in the optical linewidth of the

oscillating modes. The latter effect is easily detectable on the RF spectrum. Figure 4.10

shows the RF spectrum of two separate oscillators, before and after amplification, as

well as the corresponding RF spectrum of the mode-locked laser at the external cavity

fundamental frequency. Direct measurement of pulse jitter in the time domain was not

possible through a lack of a photodiode with suitable frequency response.

Data in the left hand column of figure 4.10 shows a 500 kHz span window of the fun-

damental modulation signal for the Mini Circuits oscillator, (a), the same modulation

signal amplified by 42 dB, (b), and the mode-locked laser fundamental beat note detected

3While we refer to the extra spatial component in the beam as a higher order mode, its exact
classification remains undetermined.
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with a fast photodiode, (c). The oscillator is powered by a linear voltage regulator and

the frequency tuning voltage is supplied by an Analogue Devices REF01 10 volt precision

voltage reference.
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Figure 4.10: Modulator linewidth comparison at the fundamental modulation
frequency (3.0 GHz) for the Mini Circuits VCO (left column) and Agilent 8648C
arbitrary function generator (right column) over a 500 kHz span, 300 Hz RBW.
(a) & (d), direct oscillator output, (b) & (e), amplified (Mini Circuits TVA-11-
422) oscillator output, (c) & (f), RF spectrum of mode-locked laser fundamental
frequency.

Smoothing capacitors bridge the input and output rails of the linear regulator to ground,
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and the tuning voltage is adjusted with a 20 turn potential divider. Data shown in

the right hand column shows the same respective test conditions for an Agilent 8648C

arbitrary function generator. In all cases RBW = VBW = 300 Hz. Due to damage

threshold limitations of the RF spectrum analyser, and for the purposes of the data

in figure 4.10(b, e) only, in line signal attenuators were used between the amplifier and

spectrum analyser. In all cases an 18 GHz bandwidth DC block was used just prior to the

RF spectrum analyser. From these data the most important aspect is that the linewidth

of the optically derived signal at the fundamental modulation frequency appears to be

closely governed by the linewidth - and hence phase noise - of the modulation signal.

It is further apparent that the linewidth of the respective modulation sources is not

degraded by amplification.

Figure 4.11 shows the RF spectrum over the full 25 GHz bandwidth of the detecting

photodiode for a modulation frequency of 2.905 GHz. The resolution bandwidth was

51 kHz and the video bandwidth was 16 kHz. For an ideal mode-locked laser of com-

parable optical bandwidth, we would expect to see modes of equal height across this

frequency span. At the time of acquisition SMA cables of similar bandwidth to the fre-

quency span were not available and the cables used were rated to only 2 GHz. Likewise

the DC block has a stated bandwidth of 18 GHz. The fall off of the harmonic amplitudes

is therefore reasonably attributed to signal attenuation between the spectrum analyser

and the photodiode. In the absence of a suitably fast reference oscillator it was not

possible to calibrate the component losses and correct for the harmonic amplitudes in

the RF spectrum.
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Figure 4.11: Full span RF spectrum of the mode-locked laser. The photodiode
frequency response has not been corrected for.

4.3.1 Modulator Detuning Characteristics

While the effects of detuning the modulation frequency from that of the external cavity

FSR have been discussed above, we now consider the effects on the RF spectrum in order

to determine an accurate modulation frequency detuning range for the system. Figure

4.12 shows a 500 MHz span RF spectrum around the mode-locked laser fundamental

frequency for a range of modulation frequencies (A) and the corresponding optical spec-

tra (B) and measured pulse widths (C). According to Ahmed et al the locking range for

which the mode-locked laser gives stable pulses (amplitude and jitter) is described on

the RF spectrum as the detuning region for which the feature at the fundamental modu-

lation frequency remains narrow and surrounded by a low, flat noise floor [150]. Though

the noise floor surrounding the fundamental modulation frequency in figure 4.12(A) is

not completely featureless, it must nevertheless be assumed that the locking bandwidth

extends into the negative region by approximately 5 MHz on account of the pulse width

behaviour shown in figure 4.12(C). Towards increasingly positive frequency detuning
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values, the noise floor indeed becomes almost entirely featureless until approximately

+35 MHz where one peak either side of the fundamental begins to appear.

Detuning (MHz)

60

40

20

0

3.23.1

A

3

Frequency (GHz)

2.92.82.72.6

0

-50

-100

P
ow

er
 (

dB
m

)

Detuning (MHz)

60

40

20

0

785

B

Wavelength (nm)

780

775

-10

-50

-40

-30

-20

P
ow

er
 (

dB
m

)

Detuning (MHz)
-10 0 10 20 30 40 50 60

P
ul

se
 W

id
th

 (
ps

)

0

50

100
C

Figure 4.12: Pulse characteristics for detuning of the modulation frequency.
Zero detuning corresponds to the frequency for the shortest temporal pulse
width. (A); fundamental beat note on the RF spectrum, (B); Optical spectrum,
and (C); measured temporal pulse width
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This onset of RF spectral broadening therefore defines the positive frequency detuning

limit to the locking region. Overall the locking region is ∼40 MHz spread severely

asymmetrically about zero detuning, favouring the positive detuning region by 7:1. This

result is both corroborated by the smooth optical spectra obtained for the same detuning

range and is in qualitative agreement with [150], though they report a locking region of

only 25 MHz from -10 to +15 MHz. In the same reference the measured pulse width is

also asymmetric, however a steeper average gradient (for the rate of change of pulse width

per unit detuning) exists for positive detuning rather than negative. This is at odds with

the results presented in this chapter, and also with the work in references [71,138–140].

4.4 Discussion

In this chapter we first presented a characterisation of the mode-locked lasers temporal

and spectral performance over the accessible parameter spaces. In terms of the temporal

pulse width, from figure 4.2 we can conclude that the junction temperature is essentially

of little importance, inasmuch as over the demonstrated 5 degree tuning range, the pulse

width for a given DC injection current changed by less than 10 ps. While the change is

small it is nonetheless visible, and the trend of this change - shorter pulses towards cooler

junction temperatures - is attributed to the increase in the slope gradient of the power-

current curve (figure 3.2) and the slight decrease in threshold current. The junction

temperature does however have a large effect on the operating wavelength, where tuning

rates of +0.275±0.015 nm/K are observed. In terms of the DC injection current, the

effect on the pulse width is considerably stronger. We find that for a temperature of

10◦C, the optimum pulse width occurs at approximately 80% of the threshold current,

with a symmetric optimum current range of only 2 - 3 mA around this point.

The active mode-locking modulation frequency is the most critical of the experimental

parameters in terms of the pulse width. Due to the dynamic detuning effects discussed

in section 4.1.1, the detuning range for which the shortest stable pulses exist is approxi-

mately 10 MHz. Towards lower modulation frequencies the pulse width increases sharply

and the pulse optical spectrum collapses to a state which resembles CW operation. At
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higher modulation frequencies the pulses remain stable over a considerably larger range,

however the pulse width increases monotonically with increasing modulation frequency,

reaching approximately double the minimum pulse temporal width for +30 MHz modu-

lation frequency detuning. The spectral width remains inexplicably broad (≥ 1.25 nm)

for all positive detuning frequencies. The precise reason for this remains unresolved,

however as the temporal pulse width and time-bandwidth product rise steadily with

positive modulation frequency detuning, it should be concluded that the acceptable de-

tuning range is within ±5 MHz of the frequency corresponding to the minimum pulse

width.

Across all the data presented in section 4.1 it is clear that higher modulation power has

a positive impact on the temporal pulse width, spectral width, pedestal height and time-

bandwidth product, while having negligible effect on the central emission wavelength.

Following the wavelength tuning of the mode-locked laser to 780.2 nm, plots of the pulse

width, spectral peak wavelength, spectral FWHM and time-bandwidth product were

given as a function of DC injection current and temperature. In terms of the temporal

pulse width, much the same trend is observed as for the laser free running at 785 nm;

temperature variations have little effect and the optimum DC injection current around

15 - 16 mA. This optimum DC injection current range is matched also for the spectral

FWHM values observed in figure 4.8. It is believed that the presence of the thin etalon

is responsible for adversely affecting the central wavelength tuning rate as a function

of temperature. With the etalon in place the wavelength tuning rate falls by almost a

factor of 2 to +0.117±0.015 nm/K. The modulation power and modulation detuning,

while not shown in section 4.2, demonstrates reassuringly identical behaviour and so the

above conclusions, and indeed values, hold for the laser operating at 780.2 nm.

With the mode-locked laser successfully tuned to 780.2 nm, we have identified a set of

parameter values and ranges which produce approximately 21 ps mode-locked pulses

of spectral width in excess of 1 nm, thereby satisfying our primary aim. A troubling

property of the pulses however is their large time-bandwidth product. At approximately

30 times the Fourier transform limit, the pulses are far longer than their inverse spectral

width would suggest. It was previously assumed that strong spectral chirp was to blame
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for the very large time-bandwidth products, and so pulse compression was attempted.

Where actively mode-locked diode lasers typically exhibit anomalously, linearly dispersed

pulses [144], a dual grating compressor with an integrated telescope [143, 149] capable

of generating a net normal dispersion was constructed in an attempt to compress the

pulses. Despite considerable effort in the optical alignment of the pulse compressor,

no evidence of shorter pulses was observed, supporting (but not confirming) an earlier

hypothesis that the mode-locked laser could be operating in a clustered pulse output

known as ’mode-locking in clusters’. This is discussed in greater detail in chapter 6.





Chapter 5

Air Track Michelson

Interferometer

The purpose of this chapter is to demonstrate an air bearing Michelson interferometer

which is capable of adequately resolving the optical spectrum and revealing the structure

of the frequency comb. In previous chapters the mode-locked laser diode has been

characterised in the time and frequency domain by observing the pulse temporal shape

via intensity autocorrelation and by observing the optical and RF spectrum respectively.

Through analysis of the RF spectrum (figures 4.11 and 4.12(A)), it would be reasonable

to conclude that the mode-locked spectrum consists of discrete optical modes separated

by the modulation frequency. The linewidth of the visible beat notes suggests the laser is

in stable operation and the marked lack of signal between these modes further suggests

the optical emission lacks any significant noise in the form of broad linewidth oscillating

optical modes. Despite this positive evidence, the intensity autocorrelation still exhibits

both a short pedestal and a small coherence spike, indicative of incomplete mode-locking.

This is further supported by the far from transform limited pulses. With the help of the

department’s mechanical workshop, a dual moving arm Michelson interferometer based

on an air bearing design has been designed and fabricated for the purpose of resolving

the mode-locked optical spectrum and confirming whether or not the laser emission is

in the form of a frequency comb.

103
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Current methods for directly viewing the content of an optically broadband source tend

to cater for the two extremes in resolution. On the one hand, spectrum analysers based

on dispersive optics provide excellent broadband spectral sensitivity - in some cases,

spanning well in excess of 1000 nm - while simultaneously suffering from poor resolution,

often being limited to around the order of 0.02 - 0.05 nm and generally reaching this

resolution only when viewing a relatively small spectral window. While this is a very

useful tool, 0.02 nm corresponds to ∼10 GHz, or 3 teeth on our frequency comb. This

resolution would need to be improved by nearly a factor of 10 before the comb would

begin to be resolvable. On the other hand devices such as the scanning Fabry-Perot

optical spectrum analyser (FP-OSA) [151] offer exceptional spectral resolution - of the

order of hundreds of MHz to hundreds of kHz - but only over a very small spectral window

defined by the scanning range of the moving mirror. Further, a mode-locked laser might

generate a spectrum potentially millions of times wider than the spectral window of the

FP-OSA. Ultimately these two techniques are unable to resolve the detailed spectral

content of the mode-locked laser, and so we are yet to confirm the desired comb-like

structure of the laser emission.

The Michelson interferometer does not rely on dispersive optics; instead it derives its

frequency resolving capability from the principle of interference. Monochromatic light

sent into the interferometer is split and directed down two discrete optical paths be-

fore being recombined. At recombination the interference between the two components

produces an output power in direct relation to the relative phases of the two beams.

If one mirror is scanned so as to continuously alter one path length, the interference

conditions change and hence the output power changes also. For a fixed rate of change

of relative path length, the output power adopts a pure sinusoidal form. The frequency

of this sinusoid is directly related to the moving mirror velocity and the wavelength

of the light forming the constituent beams. This sinusoidal waveform is called a beat

and the recording of this beating on an oscilloscope is referred to as the interferogram.

The interferogram in the time domain may be Fourier transformed into the frequency

domain to give information about the power spectral density of the frequency compo-

nents comprising the interferogram. The power spectrum will be in terms of the beat

frequencies, not the absolute optical frequencies, and so the conversion requires a fixed,
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known optical frequency to act as a beat frequency marker. To this end we use the

spectroscopically stabilised ECDL that was demonstrated in chapter 2.

This chapter is organised into two main sections. The first considers the design charac-

teristics of importance for both the interferometer itself as well as the tertiary equipment

for data collection. The second section outlines details of the experimental procedure

before continuing to present the results for the frequency comb optical spectrum.

5.1 Air Track Design

This section reviews the requirements of an interferometer for resolving the mini fre-

quency comb and how these requirements translate to specific design characteristics.

A collaborative effort was formed by the author and Mark Bampton of the School of

Physics and Astronomy mechanical workshop for discussion of the device performance

requirements and full credit for the Computer Aided Design and device manufacture

belongs to Mark Bampton. All other work and analysis presented in this chapter are

the work of the author. While the precise physical design of this system is unique, the

concept of the air bearing Michelson interferometer is based on references [152, 153].

Historically many different techniques have been utilised to improve the distance over

which the moving mirrors may travel, including a toy train [154] and simple mechanical

rail and bearings [155].

5.1.1 Design Considerations and Optical Arrangement

The moving arms of the Michelson interferometer are realised by mounting two retro-

reflecting mirrors in a travelling cart which traverses a straight, machined flat, aluminium

rail which has a flat top 90◦ ridge spatial profile; see figure 5.1. Motion of the cart is

achieved simply through pushing it by hand, after which its motion is passive. Elastic

interaction with mounted springs at each end of the rail are sufficient to maintain long

term motion, and the unaided ring-down time is of the order of a few minutes. For the

correct interferometric behaviour it is imperative that the back-reflected beams remain

perfectly overlapping at the point of interference, so all reasonable measures to ensure
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that the cart does not drift laterally or vertically as it travels longitudinally should be

taken.

Figure 5.1: Computer Aided Design diagram showing the design layout of the
air bearing Michelson interferometer. Inset is a cut view of the internal gas
distribution layout. Gas is delivered to the right hand chamber and a pipe
drilled to the left chamber (not shown) allows the pressure to equalise between
them insuring even pressure over the flat bearing surfaces. Image Credit: Mark
Bampton

The first measure is that the gas supply should maintain as close to a constant pressure

as possible. Variations in the gas pressure will result in variations in the volume of the

gas suspension/lubrication layer. Local pressure variations in this layer may give rise

to rotations of the cart around the axes perpendicular to the direction of travel, and an

offset in a transverse direction from the axis along which it travels, thereby potentially

disturbing the interference when the beams are recombined. A line pressure of only 1

to 2 PSI is used, yielding the lowest possible suspension layer volume while completely

avoiding parts of the cart landing on the rail during transit.

The second measure is that the gas should be delivered to the cart as opposed to the

rail. The benefit of this delivery method is first and foremost the elimination of local

pressure gradients along the direction of travel. It is not unforeseeable that, if the

gas were pumped out of the rail, the gas flow rate along the rail may vary leading to
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variations in transverse displacement, or worse, the periodicity of the gas flow holes may

support rotational or displacement resonances in the cart. Gas delivery through the cart

also eliminates the necessity of high gas pressures and largely eliminates the possibility

of dynamic refractive index variations along the optical path [152]. The one significant

drawback of gas delivery through the cart is the effect of the inertia of the gas line on

the motion of the cart. It is observed that with only ∼80 cm of light weight rubber

tube between the cart and the first solid gas line fixation, the effect of vibrations in this

section of the air line (which are caused by the cart changing direction) are sufficient

to alter the velocity of the cart by an amount easily visible interferometrically. Velocity

corrections of the cart are attempted with varying degrees of success depending on the

shot-to-shot velocity profile of the cart, as determined by analysis of the reference laser

beat signal. This is discussed further is section 5.2.1.

The final measure is ensuring that the springs used in reflecting the cart at each end of

the rail are mounted at the same vertical and horizontal position as the cart’s centre of

mass so as to reduce unwanted perturbations caused by torque on the cart.

The optical arrangement of the interferometer is shown in figure 5.2. In the real system,

the (non-polarising) beam splitter cube is placed such that when the moving cart is

placed centrally on the rail, the optical path lengths of the two interferometer arms are

equal.

Figure 5.2: Diagram showing the schematic layout of the air bearing Michelson
interferometer. FOI; Faraday Optical Isolator.
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5.1.2 Spectral Resolution, Photodiode Response and Waveform Sam-

pling

The primary objective is to resolve the spectral content of the frequency comb. The

modulation frequency of the mode-locked laser is of the order of 3 GHz and, to confirm

the comb like nature of the spectral output, a frequency resolution limit of ωm/10 would

be desirable. The corresponding requirement in resolution of the interferometer is 300

MHz which, for a dual moving arm Michelson interferometer, corresponds to a transla-

tion of the retro-reflecting mirrors by a distance c/2× 300 MHz = 0.5 meters. To allow

for the decay of residual vibrations caused at the reflection the total rail length is made

20% longer, giving a total traversable distance of 0.6 meters.

It is foreseeable that reasonable cart velocities are of the order of 0.25 - 0.5 meters

per second. Furthermore the cart needs only to move 195 nm (λ/4) to experience one

full period of the interferogram. Over a distance of 0.5 meters a total of just over 2.5

million interference fringes can be observed which, in the space of 1 second, requires

a detection photodiode whose frequency response exceeds 2.5 MHz. The photodiodes

used are Hammamatsu model G4176-03, 50 Ω terminated photodiodes with an applied

DC reverse bias of 9V and a stated bandwidth of 7.5 GHz.

With regards to adequate signal sampling, according to signal sampling theory [156]

the waveform sampling device is required to satisfy the Nyquist sampling condition.

This condition states that, in order to adequately sample an analogue waveform, the

sampling rate must be at least twice as fast as the fastest frequency component in the

waveform. This is better known as the Nyquist sampling rate, which must at least equal

the Nyquist frequency. Below this requirement significant aliasing can occur which

results in misrepresentation of the input signal. To avoid this, a high sampling rate

(up to 5 Gigasamples/sec) digital sampling oscilloscope (Tektronix MDO4104B-6) with

a large record length (20 million samples) is used. Over a 1 second recording time at

the full record length this yields approximately 16 data samples per fringe. A higher

sampling rate could be used to better record the interference fringes, however this would

come at the cost of spectral resolution. This will be explored experimentally later in

this chapter.
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5.2 Experimental Procedure

5.2.1 Mirror Velocity Linearisation

When introducing the concept of the interferogram, it was stated that for a single fre-

quency optical source the rate at which interference fringes are observed (the beat signal

frequency) is directly proportional to the velocity of the moving mirror. It follows that,

owing to the nonlinear nature of the cart velocity, the spectroscopically stabilised CW

laser beat frequency will not be monochromatic. When the CW interferogram is Fourier

transformed to achieve the power spectral density, the linewidth will be significantly

broadened and therefore not properly represent the linewidth of the laser1. This is of

course also true for the mode-locked laser and therefore if the cart velocity is left uncor-

rected, the modes of the frequency comb will not be resolved in the Fourier transform of

the recorded interferogram. The solution lies in the realisation that for every recorded

fringe in the CW laser interferogram the cart must have moved a distance precisely

equal to λ/4. Further, by counting the total number of fringes for a given interferogram,

Ft (which is achieved through finding peaks in the interferogram [157] - or indeed any

repeated position of constant phase angle), knowledge of the total distance travelled is

acquired. This information is correlated with knowledge of the total acquisition time,

τacq, and the unique time indices for every sampling event according to the scope acqui-

sition. With this information it is possible to determine the magnitude of the lead/lag

time of a given peak point in the interferogram from its ideal position described by a

constant (average) cart velocity.

The process for velocity correction is as follows. We first find the data points which

represent the peaks of the CW laser interferogram sine wave and their respective position

indices within the data. We then generate a straight line of length equal to the total

number of peaks found, and whose gradient is given by the total number of data points

sampled (which is defined by the oscilloscope) divided by the total number of peaks

found in the data. In other words we create a data vector of length equal to Ft at equal

1The interferometer of course does not possess the sub-MHz resolution required to accurately repre-
sent the diode laser linewidth, and so a ’properly’ represented linewidth in this context would appear
as a delta-function-like peak in the power spectrum with width defined by the interferometer resolution
limit.
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divisions of 20 million/Ft, where 20 million is the total number of discrete data points

in the oscilloscope sample of the interferogram. This gives us the peak number within

the data and its ideal position (index) within the data, and is identical to working out

the average velocity. Next, we work out the difference in index number between the real

peak positions and the ideal peak positions by subtraction of one from the other. At

this stage it should be understood that when the cart is moving faster than the average

velocity, for example, a given peak occurs earlier in time and vice versa. Because the

oscilloscope samples at uniform time intervals, the difference in index number is identical

to a time difference when multiplied by the time division per oscilloscope sample. The

difference in index number as a function of peak number is plotted in figure 5.3(A) as

the ’peak position offset’. By taking the difference, we are stating that the average

velocity of the cart is now defined by a line of zero gradient originating from zero in

the same figure. The next step is to fit to the difference function with a high order

number polynomial. Because the difference function profile is entirely dependent on the

motion of the cart at the time of capture and is different each time, a polynomial is the

most suitable function to fit to the data. Here we use a 45 order polynomial, limited by

computer memory capacity, to fit to the difference function. This is followed by taking

the residual between the difference function and the fit to the difference function to

provide a measure of the quality of the polynomial fit. This residual is plotted in figure

5.3(B). The average number of individual samples per period of the interferogram is given

by the total sample length (20 million) divided by the total number of peaks. Typically

this ratio is about 20:1 or greater. To have sufficient confidence in the polynomial fit,

we require that the residual between the difference function and the polynomial fit is

consistently less than 25% of the average number of samples per interferometer period.

Thus far we have only calculated the offset of each peak in the data from the ideal.

Armed with the polynomial fit coefficients we can now calculate the difference in index

number for every data point in the interferogram waveform. Finally, to correct the time

stamp for each data point, we subtract from each time stamp the calculated difference

in index number multiplied by the time between samples. These time corrections are

applied to both the CW laser and the mode-locked laser interferograms.
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Figure 5.3: (A); Data showing the velocity profile of the moving mirrors, as a
difference from the average velocity, in units of peak number against number
of data samples. A positive gradient represents the cart moving faster than
the average and a negative gradient represents the cart moving slower than the
average. Figure also shows a 45 order polynomial fit to the difference data.
(B), plotted is the residual between the difference data and the polynomial fit
function. The approximate number of samples at the oscilloscope per period of
the interferogram for the CW reference laser is 40 for a 20 million data point
record length at a sampling rate of 50 MS/s. Using this number of polynomial
coefficients, the fit is good enough to achieve our target of the residual being no
more than 25% of the number of samples per period on the interferogram.

What we have created is an interferogram data set with a corrected time stamp for each

sampling event such that when the CW interferogram is plotted, the data would much

more closely represent an ideal, single frequency sine wave. Of course to do this we have

forced the time stamps to become irregular. Our aim is to observe the power spectral

density of the mode-locked laser, meaning that we need to take the Fourier transform

of the time domain interferogram. Calculation of the FFT of a data set requires a
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uniform time base, which we have destroyed in the data. We therefore perform a spline

interpolation of the interferogram data at a uniform time interval and perform the FFT

on the interpolation. The quality of the interpolation is highlighted in figure 5.4.
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Figure 5.4: Performance of the spline interpolation of the corrected (linearised)
time data. Interpolation is conducted to generate a uniform time interval from
the corrected time data for the signal amplitude in order to correctly perform
the FFT on the amplitude data.

5.2.2 Velocity Linearisation performance: CW laser linewidth

Following correction of the velocity profile for the CW reference laser, it is useful to

observe the effectiveness of this correction. This correction is most clearly observed

by comparison of the power spectral density of the CW reference laser interferogram

before and after correction; see figure 5.5(A). As a result of the data linearisation, the

power spectrum of the reference laser is compressed into a stronger, narrower lineshape,

centred at 284.229 THz (780.244 nm). Because of the very low point density within the

main peak (enlarged in figure 5.5(B)), we estimate the beat note linewidth is 980 MHz,

as measured by hand. Given this method, we estimate an uncertainty in this value of

±100 MHz (± 2×10 % of marked division spacing of 500 MHz when magnified further).
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Figure 5.5: (A); Performance of the cart velocity linearisation by comparison
of the power spectral density before and after linearisation of the CW laser
interferogram, (B); a magnified view of the power spectrum of the corrected
data.

As demonstrated in chapter 2, the spectroscopically stabilised CW diode laser we employ

here as the reference laser exhibits sub-MHz linewidth. Clearly we are not able to

resolve this given the physical constraints of the air track dimensions. Further, as the

recording of the interferogram does not start and end at the possible extremes of mirror

travel, it becomes clear that the theoretical maximum resolution of each recorded set of
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interferograms should be calculated in order to compare with the beat note linewidth.

Knowing the total number of peaks found and the wavelength of the CW reference laser,

the maximum possible resolution is given by,

νres,max =
c

Ftλcw
, (5.1)

where λcw is the optical wavelength of the reference laser. For consistency, we calculate

the theoretical best resolution for the same interferogram used in plotting figures 5.3, 5.4

and 5.5, and yield a value of νres,max = 794 MHz. These results are incredibly pleasing

as it highlights the effectiveness of the velocity linearisation procedure and demonstrates

that the system possesses a suitable resolution for providing a mark to space ratio of at

least 3:1 when considering the frequency comb mode spacing.

It was initially hoped that a mark to space ratio of 9:1 (νres,max = 290 MHz) would

be achievable. To achieve this, it is required that, for the same given velocity, the

interferograms would need to be recorded over a period 3 times longer. Limited by the

available oscilloscope sampling rates for a fixed 20 million data point record length, we

attempted to capture the interferograms over a 1 second period at 20 MS/s. This is of

course at the cost of the number of samples per fringe on the CW laser interferogram.

Assuming an identical average velocity as above, this would have yielded νres,max =318

MHz; very close to the desired goal. However, a number of issues arose resulting in no

usable data or further insight into the mode-locked laser optical spectrum. As expected,

the number of data samples per fringe dropped from ∼40 to ∼16. This in itself is still

acceptable as a number of samples to unambiguously reproduce the sine wave, hence

satisfying the Nyquist condition. The primary drawback is that of the effectiveness of

the velocity linearisation. As the cart’s motion is recorded for longer, the ripples on

the velocity profile are greater in number and potentially in severity. This has a direct

impact on the number of polynomial orders required to fit to the difference data in figure

5.3. Even with access to a computer boasting 24 GB of RAM, the 45 order polynomials

used above were sufficient to use slightly greater than 100% of this capacity (requiring

hard disk based virtual memory). As the number of orders increased, the computation

time increased massively, in some cases reaching ∼200 times the computation time of
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the 45 order polynomial. Indeed, maintaining 45 orders for the polynomial fit resulted

in residuals well in excess of the number of samples per fringe, thereby invalidating the

linearisation. We therefore arrive at the conclusion that, in order to achieve a better

interferometer resolution either significantly more computational resources are required

or significant experimental work should be conducted to dampen or eliminate the causes

of the variations in the cart velocity.

5.2.3 Mode-Locked Diode Laser Analysis

So far in this chapter the design and layout of the air track interferometer has been

presented, as well as an explanation and demonstration of the velocity correction of the

moving cart containing the interferometer mirrors. It was shown that, with sufficient

computing resources over a short enough record acquisition time, the residual of the

peak position difference data and the polynomial fit could be reduced to below 25%

of the number of samples per interferogram fringe. It follows that, in doing so, the

measured resolution given by the CW lineshape in figure 5.5 could be as low as 123% of

the theoretical best resolution. With confidence in the velocity linearisation, attention

can now be shifted to consider the mode-locked spectrum. Figure 5.6 shows an example

spectrum of the mode-locked diode laser running at 780 nm (∼384 THz) both before

and after the velocity linearisation is applied (top), as well as a magnified section of the

spectrum centred at 780.244 nm (384.229 THz, bottom).

Due to the correction of the smearing effect that the non-linear velocity has on the spec-

trum, the peak and trough amplitudes have been increased and decreased respectively.

By an identical principle to that shown for the CW laser spectrum, the energies of each

frequency comb mode are effectively untangled and appropriately overlapped, reducing

the noise level between the modes and increasing the mode amplitude. This is most

easily observed in the magnified section of figure 5.6 where obvious frequency compo-

nents are visible. The active mode-locking modulation frequency is 2.908 GHz, which

corresponds almost exactly to the average mode spacing in the same figure.
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The final aspect of the experimental results for this chapter consists of an investigation

into the effects of modulation frequency detuning around the frequency which gives the

shortest optical pulses.

Figure 5.6: Fast Fourier Transform of the mode-locked diode laser interferogram
before (red) and after (blue) cart velocity linearisation.

Shown in figure 5.7(A)-(H) are the series of mode-locked laser spectra, each spanning

2 THz and centred at 384.00 THz, while in figure 5.8(A)-(H) are the same spectra only

in this case spanning 80 MHz. From (A) to (H) in both figures the detuning changes
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by 3.33 MHz from -10 MHz to +13.33 MHz respectively. Previously observed in figures

4.2(B) and 4.12(C), the optical pulses exhibited a rapid degradation per unit negative

detuning and very gradual degradation per unit positive detuning.

At the largest negative detuning we observe a spectrum which barely resembles that of a

frequency comb. At -10 MHz, the pulse has broken up into small clusters of modulated

spectrum separated unevenly. At this detuning the spectrum has also narrowed signifi-

cantly resulting in approximately a factor of 10 increase in amplitude of the tallest mode.

If it were not for the irregularity of the clusters, it would be reasonable to conclude that

this spectrum more closely resembles a series of CW modes, spaced by the monolithic

cavity mode spacing, that are suffering weak frequency and amplitude modulation. This

is certainly supported by the sharp rise in pedestal height observed in figure 4.3(B). As

the detuning approaches zero (5.7(D), 5.8(D)) the pulse temporal width drops sharply

and the system adopts a mode-locked output. No significant substructure between the

modes is visible in figure 5.8(D) at this resolution.

The optical spectrum is observed to shift towards higher frequencies as the detuning

traverses from negative to positive. This effect is tentatively attributed to the junction

temperature dropping as the modulation power is more effectively dissipated optically

rather than thermally. Experimentally this could be much more effectively controlled

were the semiconductor chip mounted on a TEC and cooled directly, rather than by our

method which relies on cooling the laser mount.

From zero towards positive detuning the spectrum is observed to broaden (5.7(E)-(H))

along with a simultaneous drop in amplitude per mode (5.8(E)-(H)). This trend is at-

tributed to the optical pulse being forced to move towards the peak of the current

injection waveform where the gain is at it’s highest. Non-negligible sub-structure is vis-

ible in figure 5.8(H) which is possibly the result of a trailing pulse inside the cavity. It

is clear from figure 5.8 that the modulator detuning range for which the mode-locked

laser consists of an array of well defined optical modes is between -3.33 MHz and +6.66

MHz, which corresponds very well in magnitude to the previously defined locking range

of 10 MHz as defined in section 4.4.
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Figure 5.7: Figure showing the optical spectrum of the mode-locked diode laser
before (red) and after (blue) cart velocity linearisation. In figures (A) through
(H), the detuning of ωm is swept between -10 MHz and +13.33 MHz in divisions
of 3.33 MHz.
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Figure 5.8: Figure showing an 80 GHz segment of the mode-locked diode laser
emission spectrum before (red) and after (blue) cart velocity linearisation. In
figures (A) through (H), the detuning of ωm is swept between -10 MHz and
+13.33 MHz in divisions of 3.33 MHz.
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Using an in-house built, dual moving arm Michelson interferometer based on a low

pressure air bearing design, we have demonstrated an optical spectrum analyser capa-

ble of resolving the individual frequency comb modes of an actively mode-locked diode

laser. By resolving these modes, it has been confirmed that the frequency comb does

indeed consist of an array of discrete optical modes. Identified also is a detuning range

of approximately 10 MHz for which the frequency comb appears to produce well de-

fined optical modes. Determining the locking range with greater accuracy would simply

require more data sets at a smaller detuning increment size.

5.2.4 Improvements

Initially the goal of the interferometer was to be able to resolve frequency components

approximately an order of magnitude slower (in frequency) than the frequency of the

active mode-locking modulation signal. At approximately 290 MHz, this would have

required a travel distance of 0.5 meters. The rail on which the moving mirrors travel

was specified to accommodate for this capability, however a computational limitation in

the form of available physical memory was revealed to be the bottleneck. Capturing the

interferogram at 20 MS/s over 1 second instead of 50 MS/s over 0.4 seconds allows for the

maximum cart travel distance to be utilised, however proportionately more polynomial

orders are required in the fit to the difference data.

The alternative approach is to eliminate the causes of the cart velocity variations over

the course of the data acquisition. The cart weighs approximately 500 grams and yet it

is apparent that air currents and the residual vibration in the thin rubber air line2 are

sufficient to cause appreciable velocity changes on an interferometric sensitivity basis.

One solution is to increase the mass of the cart to improve inertial properties while

suffering a minimal increase in the required gas line pressure to maintain an adequate

air bearing. A further solution is to use yet lighter rubber tubing for gas delivery. To

put the importance of the gas line weight into context, if the cart is moved to one end

of the rail, stabilised and released, the tension in the 80 cm of gas line caused by gravity

2we estimate that the gas line weighs on the order of a gram per 2 - 3 cm.
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is sufficient, when resolved into it’s horizontal component, to cause the cart to oscillate

along the rail with a period of approximately 40 seconds.

Finally, another simple improvement which could be made would be to employ mechan-

ical actuators to set the cart in motion initially, thereby ensuring greater consistency

and reproducibility in the cart starting velocity.





Chapter 6

CW Injection Locking of the

Mode-Locked Laser

In this chapter an experimental investigation of the optical injection of a CW laser into

an oscillating mode of the mode-locked laser is presented. The aim of this investigation

is to determine whether optical injection locking of the mode-locked laser is a viable

method for anchoring a chosen oscillating mode to a specific known frequency. Under-

pinning the technique is the premise that, by injecting optical power from one laser (the

’Master’) into a cavity mode of another free-running laser (the ’Slave’), phase coherence

is established between the two lasers. This phase coherence occurs because the slave

laser predominantly amplifies the injected light to the point where, at sufficiently small

detuning between the free running and the injected optical frequencies, the injected light

saturates the laser gain, thereby suppressing the free running oscillation frequency [158].

In the case where the master laser light is injected into the slave laser before the slave

laser reaches threshold, phase coherence is established because the slave laser predom-

inantly amplifies the master laser signal over it’s own spontaneous emission [112]. In

a mode-locked laser, by relying on the coherence transfer process, phase coherence be-

tween all modes of the mode-locked slave laser and the CW master laser is established.

Given this coherence between slave laser modes, and coupled with a stable electronically

derived active mode-locking modulation signal, all the frequency comb modes may be

123
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accurately determined by their mode number from the injected mode and hence the

comb is now useful as an optical frequency reference.

There exist four regimes which injection locking may be categorised by. Case 1 is where

a CW master laser is injected into a CW slave laser [159] and was the basis of the first

demonstration of laser injection locking by Stover and Steier [160]. Case 2 uses a mode-

locked laser pulse from a master laser which is injected into a mode-locked slave laser

and is commonly referred to as injection seeding [161]. Case 3 is where a mode-locked

pulse from the master laser is injected into a CW slave laser [162]. Finally case 4 is

the injection of a CW master laser into a mode-locked slave laser [163]. In this work

we concentrate solely on category 4 as it naturally lends itself to the desired result of a

spectrally stable optical frequency comb. It is simultaneously possible to investigate a

possible property of the frequency comb; the so called ’mode-locking in clusters’ regime

of operation which, at this stage, is believed to be a manifestation of the weak current

modulation depth observed in section 3.4.1.1.

Briefly mentioned in chapter 4, the ’mode-locking in clusters’ operating regime is the

result of the modulation of the composite external laser cavity axial mode structure by

that of the monolithic laser cavity mode structure, i.e., one large FSR etalon imposing

its transmission filtering properties onto the mode structure of a smaller FSR etalon by

way of interferometric losses. Where an external cavity is employed to reduce the cavity

mode frequency separation, the front semiconductor facet must be AR coated. The

combination of high small signal gain and difficulty achieving facet reflectivities below

0.1% across the broad gain bandwidth of a semiconductor, usually results in significant

spectral modulation of the laser emission. In terms of the emission from the mode-

locked laser, the end result in the time domain is a cluster of temporally overlapping

pulses which, on the intensity autocorrelation, appears as a broad (with respect to the

overall spectral linewidth), noisy optical pulse with a coherence spike. Each monolithic

cavity mode (separated by 56 GHz) supports a number of composite cavity modes (of

FSR'3 GHz) which, in themselves, form a pulse considerably closer to the transform

limit.

Overcoming the effects of the monolithic cavity spectral modulation can be achieved in
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a number of ways. A) Reduction of the AR coating reflectivity reduces the finesse of

the etalon and therefore improves the coherent coupling of optical modes between the

transmission peaks of the monolithic cavity; B) increasing the modulation depth of the

active modulation so as to promote stronger optical coupling between composite cavity

modes; C) If the very shortest optical pulses are not necessary, artificially limiting the

spectral bandwidth so as to limit the mode-locked emission to a single monolithic mode,

thereby concentrating all the active modulation power to a single cluster of modes; D)

eliminating the monolithic etalon by cleaving at an angle not parallel to rear facet; and

E) harmonic active mode-locking.

Due to the high small signal gain in diode lasers, method A is impractical. Reflectivities

down to even 0.001% are calculated in reference [33] to be insufficient for removing the

spectral modulation. Method B is typically not an option if one is already at one upper

experimental parameter limit. Either the laser parasitics are blocking the modulation

power and so substantially increasing the power reaching the active region would re-

quire significant investment in a very high power modulation source, or the maximum

electrical power handling of the laser is already reached. Method C may be achieved by

either; replacing the external cavity mirror with a dispersive element such as a diffraction

grating; introducing a thin transmission etalon into the cavity [69]; using a laser with in-

herent bandwidth limiting infrastructure such as a DBR; or by optical injection locking a

single monolithic cavity mode [125]. Method D typically requires bespoke laser designs.

Commercial semiconductor devices, such as the laser used in this work, are predomi-

nantly aimed at spectroscopic applications which do not require such strict conditions in

decoupling the constituent etalons in a composite laser cavity. Lastly method E works

by modulating the laser at a higher harmonic of the composite cavity FSR, thereby in-

creasing the axial mode spacing by the same factor as the modulation harmonic number.

The associated advantages with this method are twofold. The first is that the higher

modulation frequency imposes a steeper charge injection gradient and hence enhances

the modulation depth. The second advantage requires careful planning of the composite

cavity length with respect to the monolithic cavity length. If the modulation frequency

is both a higher harmonic of the composite cavity and an appropriate sub-harmonic of

the monolithic cavity, it becomes possible to avoid population of the composite cavity
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modes which see the strongest modulation (attenuation) from the monolithic cavity.

Both aspects ultimately act to improve coherence transfer between neighbouring modes.

In this chapter, we concentrate on investigating the use of injection locking as a method

for spectroscopic stabilisation and spectral narrowing. The former is a proof of princi-

ple for stabilising a frequency comb mode to a spectroscopic feature of Rubidium while

the latter is to investigate the suspicion that the laser is mode-locking in clusters. In

conducting this investigation, this chapter is subdivided into three salient sections; Het-

erodyne detection, where we consider whether the comb modes surrounding the injected

mode are phase coherent and, if so, up to what mode number from the injected mode;

Temporal and spectral analysis, to understand what effect injection locking has on the

temporal and spectral width of the laser emission, and; the detuning range between the

master and slave laser for which injection locking is maintained. The optical assembly

employed in these three investigations is shown in figure 6.1.

Figure 6.1: Schematic diagram of the system used for the heterodyne beat note
detection of master laser AOM sideband against the slave mode-locked laser
modes when under optical injection locking conditions. In this configuration
the AOM shifted optical frequency beats with the injection locked frequency
comb mode on the RF spectrum at the AOM modulation frequency. This effect
should also propagate to higher harmonics of the frequency comb mode spacing
on the RF spectrum if the adjacent modes are phase coherent and the injected
mode is suitably locked to the CW master signal. If the beat frequency does
not correspond to the AOM modulation frequency, this is evidence for poor
or unlocked injection. FOI; Farady Optical Isolator, HWP; Half Wave Plate,
AOM; Acousto-Optical Modulator, NP; Non-Polarising beam splitter cube, P;
Polarising beam splitter cube, PD; Photodiode.
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6.1 Injection Locking Analysis

6.1.1 Heterodyne Detection Analysis

Shown in figure 6.1, the heterodyne detection scheme is used in order to determine the

coherence transfer across the comb [163], i.e., to determine how many of the modes

adjacent to the injected mode are phase coherent with said mode. Unlike observations

of the optical spectrum whereby, assuming one had sub-mode-spacing resolution, the

optical power per unit wavelength is measured directly, the heterodyne detection method

is sensitive to the RF beating between the optical components. Therefore in order to

determine A) whether or not the master laser is successfully injection locking a slave

laser mode and B) how far the phase coherence propagates across the comb, we must

artificially generate a beat note between the master and slave laser and observe this

beating on the RF spectrum. To accomplish this a small proportion of the master laser

is separated from the main beam, frequency shifted with an AOM (so as to remain phase

coherent with the unshifted beam) and then later beat together with the injection locked

mode-locked laser on a fast photodiode. See figure 6.2.

Figure 6.2: Injection locking heterodyne beat note detection principle.
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Injection locking is confirmed by the presence of sidebands on the RF spectrum at posi-

tions equal to (p× ωm)± ωAOM , where p is the harmonic number, p = 1, 2, 3..., and ωm

is the frequency of the active mode-locking modulation. If the RF spectrum shows side-

bands of unequal distance from a given harmonic, or if the sidebands have significantly

larger linewidth, this would be indicative that this mode is not phase coherent with the

optically injected mode. Figure 6.3 shows the first 6 harmonics of the mode-locking mod-

ulation frequency with visible heterodyne sidebands. The master laser frequency was

maintained by DC injection current tweaks to preserve the strongest sidebands around

the fundamental (3 GHz) mode.

In this data ωm = 3.0 GHz and ωAOM = 80 MHz. The marked decrease in harmonic

and sideband amplitude after 12 GHz is caused by the falloff in photodiode frequency

response due to the stated 12.5 GHz bandiwdth. From figure 6.3 we can confirm that the

phase coherence which has been established between the master laser and the injection

locked slave laser mode has been transferred across a bandwidth of at least 36 GHz. Due

to the photodiode bandwidth limitation it has not been possible to determine whether

or not the phase coherence extends to composite cavity modes that reside in adjacent

monolithic cavity modes. In an attempt to make this determination, the CW master

laser was temperature tuned over a 20 GHz window towards higher optical frequencies

and the measurements were repeated. Frustratingly no visible sign of decoherence at the

outermost modes on the RF spectrum was observed. At face value this might appear

as a positive result, however no further information about the possible mode-locking in

clusters regime of operation has been ascertained.
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Figure 6.3: Heterodyne beat note detection of master laser AOM sideband
against slave mode-locked laser modes when under optical injection locking con-
ditions. The figure shows a 400 MHz spectral window for up to the 6th integer
multiple of the frequency comb mode spacing. RBW=VBW=10 kHz.

6.1.2 Temporal and Spectral Analysis

Investigation is now continued to consider the temporal and spectral properties of the

pulses under injection locking conditions. Effects of CW injection locking are tested at
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both ∼784 nm, when the laser is operating at 12◦C without the linear polariser and thin

etalon, and at ∼780 nm when the laser is cooled and with the linear polariser and thin

etalon in place. It has been reported that the time it takes for the pulse to saturate the

gain defines the temporal width [125] of the pulse. Optical pulse broadening occurs in

correlation with increasing injected laser power because the injected CW power acts to

suppress gain saturation [164]. Figure 6.4(A) shows the residual pulse width between a

pulse without injection locking and the pulses at various CW master injection powers.

For the case where the linear polariser and etalon are used, the pulses observe a gradual

increase in temporal width as the injection power increases, in line with the above

reported prediction. The residual pulse width drops unexpectedly for an injection power

of -21.6 dBm. This is believed to be either a mistake whereby the mechanical stability,

and therefore pointing of the laser, has caused the master laser to shift slightly from the

point of most efficient injection, or that the master laser experienced a mode-hop and

was injecting less efficiently into a different slave laser mode. The latter is quite unlikely

however, as the composite cavity mode spacing of the master laser does not match that

of the slave mode-locked laser. This deviation from the near monotonic increase in

residual pulse width is far outside the standard error for this data point. At injection

powers greater than -21.6 dBm the pulse width appears to rise sharply, indicative that

the mode-locked laser is tending towards CW operation, see figure 6.5.
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Figure 6.4: Residual of the temporal pulse width for the mode-locked laser
between the free running and injection locked states, both when employing the
thin etalon and intracavity polariser and when not, (A), and the resulting time-
bandwidth products of the injection locked mode locked laser with and without
the etalon and polariser. The legend contains the measured pulse width when
the injection locking laser is blocked.

Curiously the injection locking behaviour for the same laser without the use of the linear

polariser and thin etalon differs noticeably in that the residual pulse width remains

largely unchanged until ∼-25.75 dBm. While care was taken to achieve the best optical

coupling of the master laser radiation into the slave laser semiconductor waveguide, we

attribute this difference in behaviour to a mismatch in the coupling efficiency between

the two experiments. It is proposed that, in the case of operation without the etalon

and polariser, the injection efficiency is considerably lower. For clarity, the coupling is

optimised by running the slave laser in CW and dropping the DC injection current to

just below threshold. The pointing of the master laser is then raster scanned across

the slave laser until a spike is observed in the slave laser output power. This effect is
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essentially identical to the grating external cavity optimisation flash test [165], whereby

the coupling efficiency is optimal when the slave laser emitted power is maximised.

Calculated from corresponding optical spectra (figure 6.6) taken at the same time as

the pulse autocorrelations, figure 6.4(B) shows the respective time-bandwidth products.

For the case where the polariser and etalon are employed, the time-bandwidth product

sees a vast improvement from ∼13.4, as observed in chapter 4, to between 1.77 and 1.44

for injection powers between -39.6 and -25.5 dBm. This corresponds to approximately 4

to 3.2 times the transform limit respectively. In the case where the polariser and etalon

are not employed, the rapid decrease in time-bandwidth product for low optical injec-

tion powers possibly supports the above hypothesis regarding the difference in injection

efficiency. Given that the thin etalon has a FSR = 10 nm, the spectral filtering has

negligible affect over the optical spectral output of the mode-locked laser. For master

laser injection powers below -20 dBm the time-bandwidth product for the laser when the

polariser and etalon are employed is always at least a factor of 1.5 smaller than for when

the polariser and etalon are not employed. This is attributed to the former observing

stronger spectral narrowing (due to injection locking) with respect to the concomitant

increase in pulse width.

Figure 6.5 shows a very positive sign towards the effect of CW injection locking upon the

optical pulses. At injection powers below -35 dBm, the coherence spike is still visible on

the pulse autocorrelation. As injection power is increased the coherence spike disappears

for all injection powers above -35 dBm. This trend corresponds to the suppression of

adjacent monolithic cavity modes and hence the spectral narrowing shown in figure 6.6.

Next we consider the spectral narrowing effects caused by CW injection locking; referred

to in the literature as supermode or sidemode suppression. Figure 6.6 shows example

optical spectra of the mode-locked laser spectra under injection locking for a range of

injection powers for without the linear polariser and thin etalon (A); and with the linear

polariser and thin etalon (B).

Spectral narrowing is caused by suppression of the monolithic cavity modes adjacent to

the injection locked mode [125, 166]. Through the combination of weak current modu-

lation and spontaneous emission coupling into more than one monolithic cavity mode,
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the laser operates in the clustered mode-locking regime. Injection locking provides a

stronger signal than that of the coupled spontaneous emission thereby forcing the laser

to predominantly amplify this signal. It is clear that in 6.6(A) the injection locking is

not limiting the optical bandwidth to a single monolithic cavity mode until the injection

power reaches ∼-20 dBm. Furthermore because the monolithic cavity mode separation

is relatively small due to the long semiconductor cavity, and also due to the ∼25 GHz

OSA resolution, quantifying the degree of sidemode suppression (in dB relative to spec-

tral peak) cannot be conducted in a way that allows direct comparison with published

literature. We therefore must adopt a slightly different definition whereby instead of

comparing the peak power of the injected mode to the peak of the nearest neighbour

sidemode, we consider the third nearest neighbour from the injected mode instead. By

this definition, the sidemode suppression for -19.8 dBm is 18.9 dB. This figure improves

to 20.1 dB when the injection power is increased to -15.9 dBm. For all weaker injection

powers, the mode-locked laser emission appears to operate on multiple sidemodes.
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Figure 6.5: Measured intensity autocorrelation of the pulses under injection
locking as a function of injection power.

Figure 6.6(B) shows significant improvement in the effectiveness of the injection locking

in the presence of the polariser and etalon. For the lowest injected power of -39.6 dBm
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the sidemode suppression is 9.1 dB, compared with only 2.0 dB for the nearest injection

power in figure 6.6(A). Furthermore, by comparison with the same figure, reaching a

suppression level of 20.6 dB is achieved with only -25.5 dBm of injected power; nearly

an order of magnitude improvement. For comparison, Williams et al report sidemode

suppression of 18 dB with 9 µW of injected power for a harmonically mode-locked, fibre-

based semiconductor laser operating at 1550 nm [167] and Joneckis et al report sidemode

suppression ratios between 20 and 30 dB depending on the ’injection ratio’ [125].
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Figure 6.6: Comparison of sidemode supression through CW injection locking
of the mode-locked laser without (A) and with (B) the etalon and polariser.
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6.1.3 Injection Locking Bandwidth

The final aspect of this chapter is to consider the injection locking range. The locking

range is the spectral region within which the slave laser phase is locked to, and coherent

with, the master laser. From figures 1.b and 2 in reference [168], it may be observed

that there exists the so called beating regions outside the locking region which result

from either insufficient injection amplitude at a given detuning, or too large a detuning

at a given injection amplitude. As the master laser is scanned by gradual ramping of the

DC injection current, it is expected that the slave laser emission will traverse from one

beating region to the opposite beating region via the intermediate stable locking region.

It is also expected that the locking region will be asymmetric about zero detuning.

In this section we readopt the heterodyne detection scheme used at the beginning of

the chapter. The magnitude of the AOM sidebands will provide an indication of the

established coherence between the master and slave laser, in that the sideband amplitude

will decrease either side of the locking region centre. Figure 6.7 shows a tiled view of an

800 MHz window on the RF spectrum, centred at the mode-locked laser fundamental

modulation frequency, for various DC currents applied to the master laser. Alteration

of the DC current affects both the optical frequency and the emitted power, so in order

to maintain a constant injection power a half-wave plate is placed before the optical

isolator.

For increasing DC injection current to the master laser (top to bottom in figure 6.7)

the broad beat signal initially visible at ∼2.67 GHz shifts to lower detuning values from

the mode-locked laser fundamental frequency and the magnitude of the AOM sideband

beatnotes increases logarithmically. The reason for the apparent increase in the beat

note frequency corresponding to lower detuning values is because of the symmetry of

the optical system.
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Figure 6.7: Example data series showing the injection locking range for a con-
stant master laser power, as well as the corresponding heterodyne beat with the
AOM shifted master laser. The broad peaks which converge on the harmonic
at 3 GHz, disappear and then diverge again are caused by the beating of the
master laser with the frequency comb. This beat disappears when the mode-
locked laser is coherent with the master laser, and the two positions of minimum
displacement from 3 GHz mark the points just prior to their disappearance and
hence define the locking range. For all plots, RBW=VBW=20 kHz.

The origin of this beat signal is not the same beat as that of the AOM shifted sideband,

instead it is caused by the weakly amplified injection signal beating with the nearest

frequency comb mode. Even when sufficiently detuned from the nearest frequency comb
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mode so as to prohibit phase locking, the injected signal from the master laser may still

experience amplification [112]. The physical reason for this beating regime is that the

master laser light is sufficiently close to a cavity mode so as to observe a net gain but

is of insufficient power to saturate the slave laser gain. As the master laser frequency

is tuned towards the nearest slave laser mode, phase coherence is established and this

beat signal disappears. It follows that by monitoring the two positions (positive a

negative detuning) where this beat signal disappears and reappears (with respect to

the optical frequency tuning direction), information about the locking range and it’s

symmetry may be obtained. The RF spectrum analyser is sensitive only to the beat

signals present and not the respective absolute optical frequencies of the components

causing the beat. Therefore an increase in the beat signal frequency on the RF spectrum

(towards the mode-locked laser fundamental frequency) corresponds to the master laser

shifting simultaneously towards the nearest slave laser optical mode and away from the

nearest neighbour mode of the slave laser. This is also the reason for the beat signal

symmetry about the mode-locked laser fundamental frequency (3 GHz).

The locking region is defined as the detuning frequency range where the beat signal

disappears, indicative that phase coherence has been established between the master and

slave laser. The positions in figure 6.7(C) and (E) represent the positions of minimum

detuning where the beat note is still visible and all detuning frequencies within these

bounds represent established injection locking.

Data in figure 6.8 shows information extracted from figure 6.7 and three other similar

data series, where each data series represents a different master laser power. The infor-

mation extracted from the series in figure 6.7 is represented in figure 6.8 by the 9.8 µW

master laser injection power pane. For increasing injection powers, the measured injec-

tion locking ranges are, respectively, 0.242±0.014 GHz, 0.242±0.010 GHz, 0.224±0.008

GHz and 0.370±0.008 GHz. With the errors accounted for, these values do not rule out

the possibility of a monotonically increasing locking range for increasing injections pow-

ers, as predicted in the literature for CW master and CW slave lasers [169–171]. Jung

et al also report the same trend of increasing locking range with increasing injection

power for a CW master laser injection locking a mode-locked slave diode laser [163],
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however they present considerably larger locking ranges for injection powers comparable

to those investigated here. They demonstrate a locking range in excess of 0.8 GHz for

-22 dBm of master laser power. Contrary to both the work presented here and to the

wider literature, Jung et al go on to state that the locking range is symmetric. It is

worthy of noting that the specific semiconductor laser being characterised is a hybridly

mode-locked diode laser in an external cavity, where the saturable absorber forms part

of the semiconductor waveguide. As such it is unclear what effect, if any, the saturable

absorber may have on the symmetry of the injection locking range.

Figure 6.8: Demonstration of the injection locking frequency range and asym-
metry about the central lock point for various master laser powers. Data points
are extracted from the series in figure 6.7 and three other similar series (not
shown).

The physical reason behind the predicted asymmetric locking range about zero detuning

is based around the affect of the injected light upon the refractive index of the slave laser
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gain region. The presence of the master laser radiation acts to deplete the inverted carrier

density and hence the complex refractive index is altered in such a way as to increase the

wavelength of the slave laser mode [168]. The strength of this effect, which originates

from the linewidth enhancement factor for semiconductor lasers, α, is dictated by the

power in the master laser and the value of α [172]. It is also these two parameters which

define the degree by which the locking region as a whole is red shifted [168,170].

From the data in figure 6.8, it has been confirmed that the locking range is asymmetric

about zero for master laser powers equal to 0.9 µW and 1.5 µW. Further, the relative size

of the locking ranges favour a larger locking range for negative detuning, as predicted

in the literature. This relationship begins to break down for a master laser power of

3.9 µW, and has reversed by 9.8 µW. At the time of writing, it remains unclear as to

why this is observed.

In summary, the work in this chapter has confirmed first and foremost that CW injection

locking of the mode-locked diode laser is a suitable method for locking the injected

slave laser mode to the master. This in essence is a proof of principle foundation for

supporting future work on this system. It has also been shown from the temporal and

spectral emission of the injection locked slave laser that, without injection locking, the

mode-locked laser is almost certainly operating in the clustered mode-locking regime.

Suppression of the side-mode clusters of 20.6 dB has been achieved with -25.5 dBm of

master laser power which was sufficient to reduce the time-bandwidth product to 1.44.

This reduction clearly came at the cost of spectral bandwidth; a frustrating consequence

given the aim of achieving a ∼1 nm wide frequency comb. Finally a maximum injection

locking bandwidth of 370 MHz has been demonstrated. While the respective locking

ranges either side of zero detuning begin to behave in an unexpected way for higher

master laser powers, it has been confirmed that the magnitude of the locking range

follows the magnitude of the master laser power, as per the literature. The next logical

progressions for the work in this chapter would be to use a spectroscopically stabilised

master laser and retest the above data for comparison, and also to implement a method

for stabilising the slave laser cavity to the master laser frequency to prevent long term

mechanical drift and prolong the stable locking time.





Chapter 7

Analysis of the Optical Frequency

Comb

In this body of work we have demonstrated so far that actively modulating the laser

drive current, and hence the laser gain, produces approximately 20 ps pulses of spectral

width greater than 0.5 THz. Close inspection of the fundamental modulation frequency

on the RF spectrum revealed a clean beat signal with no discernible substructure above

-50 dBc when using a stable reference oscillator. A higher resolution inspection of the

mode-locked optical spectrum with the air track Michelson interferometer revealed a

comb of uniformly separated modes corresponding to the main laser pulse. Investigation

then proceeded to demonstrate injection locking of the frequency comb to a master CW

laser frequency. Coherence between the comb and the master CW laser was established

over a 36 GHz span. In tune with published literature, it was also shown that spectral

narrowing to a single monolithic cavity mode was achieved along with a small degree

of temporal broadening. Finally, via detuning of the master injection signal around the

free running optical frequency of the nearest slave laser mode, a locking range of greater

than 200 MHz was demonstrated for all injection powers, distributed asymmetrically

in favour of a slightly greater locking range towards red detuning. The final stage,

presented in this chapter, is the inspection of the frequency comb in a manner becoming

of its intended final application; stabilising the (now) slave CW lasers to the frequency

comb. We wish ultimately to use the frequency comb as a frequency reference system

141
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for the wider atomic physics experiments within the group. These experiments require

multiple high power, coherent CW light sources close to, and potentially hundreds of

GHz away from, the single photon hyperfine transition frequencies within the Rubidium

D2 line. In order to have confidence in the optical frequency of a slave laser stabilised

to the comb far from the Rubidium lines, the frequency stability of the comb should be

investigated and quantified. To achieve this, two CW lasers are stabilised to the comb

and the RF beat note between them is observed on the RF spectrum analyser.

Through a desire to maintain versatility within the system, we opt for an electronic

feedback method rather than a direct optical method for stabilising the slave CW lasers

to the frequency comb. The Optical Phase Locked Loop (OPLL) is a closed loop feedback

system where an optically derived electronic beat frequency is stabilised to that of a

reference local oscillator (LO) signal [173–179]. A phase/frequency detector (PFD)

generates an error signal based on the phase/frequency difference between the two signals

which a servo uses to feed back to one of the constituent lasers used to derive the optical

beat signal. By choosing a high stability reference TTL modulation source, and with

suitable servo bandwidth, the phase of one laser may be stabilised to the phase of the

other. The main appeal for using this method in this research is to maintain versatility

in the lock point frequency of the CW laser relative to the frequency comb; if a stable

arbitrary function generator is used to supply the reference TTL signal to the PFD, the

lock point may be positioned anywhere within the PFD input bandwidth.

In this chapter we employ an in-house built circuit based on the ADF4007 frequency

synthesizer / PLL integrated circuit (IC) and OP467 quad op-amp chip. The circuit was

designed and populated by Dr M. Himsworth, with ’feedback’1 on the initial designs by

(now) Dr J. Rushton, and with design cues from reference [182]. Feedback to the laser(s)

is provided by a slow servo output to a piezoelectric transducer that controls the slow

frequency variations and a fast servo output that feeds back (for expedience) to the laser

bias current via a modulation input on the current controller. The OP467 has a -3 dB

gain bandwidth of ∼ 200 kHz and a stable unity gain bandwidth of 28 MHz. The laser

current controller has a -3 dB modulation bandwidth of 500 kHz. From section 2.4.1,

the free running linewidth of the grating stabilised ECDL lasers is 550±6 kHz.

1Apologies.
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The total phase locking frequency bandwidth is 1 - 7 GHz, however the PFD operates

at the much lower bandwidth. The ADF4007 IC is capable of dividing down the ex-

perimental RF beat note before the PFD by an amount equal to 8, 16, 32 or 64. For

our purpose the divider is set to 64. The final consideration is that of the frequency

comb mode spacing. To avoid complication the optical beat note generated between

the frequency comb and the CW laser we wish to stabilise must be appreciably below

half the frequency comb mode spacing. The LO frequency is therefore chosen to be 30

MHz at the oscillator source which is intrinsically divided by 2 by a reference divider to

15 MHz. Therefore the target experimental RF beat note is 15× 64 = 960 MHz. With

the mode-locked laser operating without injection locking, we begin by current tuning

the CW laser and monitoring the beat on the RF spectrum.

7.1 Beat Sign Analysis

7.1.1 Experimental Setup

For this experiment it is required that the beat note between the two CW slave lasers

be measurable while simultaneously being able to measure the discrete beat notes of the

CW slave lasers against the comb. To achieve this, the optical arrangement depicted in

figure 7.1 was constructed. In the first instance, the two slave CW lasers are linearly

polarised orthogonally to each other before being combined at a non-polarising beam

splitter cube. One output from the combining beam splitter is directed through a half

wave plate in order to rotate the polarisations of both beams by π/4, before being sent

through a polarising beam splitter cube in order to project the parallel components

into a given output from the cube. The transmitted beam pair is then incident on a

fast photodiode (PD3) while the reflected pair is directed onto a beam dump. The other

non-polarising beam splitter output is then combined with the mode-locked laser output

at a second non-polarising beam splitter. The mode-locked laser is linearly polarised at

45 degrees to both the CW slave lasers. The beam triplet is now incident on a polarising

beam splitter cube whose transmission axis is aligned to completely transmit CW laser

1 and completely reflect CW laser 2.
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Figure 7.1: Schematic diagram showing how the experimental beat frequencies
between the CW lasers and the frequency comb are generated before being
utilised by the OPLL circuit. Photodiode (PD) 1 and 2 monitor the beams
from CW lasers 1 and 2 respectively, and both photodiodes receive half of the
available frequency comb power resolved into the same respective polarisation as
the incident CW laser. PD 3 monitors the beat frequency between the two CW
lasers. The beat signals at PD 1 and 2 are amplified by approximately 65 dB
and bandpass filtered before being sent to the OPLL RF input. The output of
the OPLL is fed back to the CW lasers’ grating angle via the piezo voltage, and
to the current via the modulation input on the DC current controller. In this
figure the dots and lines in the optical beams represent their respective linear
polarisation states. FOI; Faraday optical isolator, HWP; Half Wave Plate, NP;
Non-Polarising Beam splitter cube, P; Polarising beam splitter cube, L; Lens.

Where the mode-locked laser is at 45 degrees to both CW lasers, the mode-locked laser

power is split equally between each polarisation axis and superimposed upon each CW

laser polarisation. A lens then focuses each beam pair onto a separate fast photodiode.

This setup therefore allows for the simultaneous generation of a beat note between the

two CW slave lasers, and a unique beat note between the mode-locked master laser and

the two individual CW slave lasers. The latter two beat notes are amplified and sent
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to the OPLL circuits which stabilises the slave lasers to the master by feeding back to

their respective DC injection currents and external grating angles by way of the piezo

voltage. The former is then monitored on the RF spectrum analyser to determine the

comb stability.

7.1.2 The Beat Signal

The RF frequency we wish to stabilise is derived from the beating of the frequency comb

and the CW laser on a fast photodiode. The photodiode generates a current proportional

to the intensity variations caused by the interference of the optical fields,

Ibeat(t) ∝
∣∣∣Efc(t)× ei(ωfct+φfc(t)) + Ecw(t)× ei(ωcwt+φcw(t))

∣∣∣2 , (7.1)

where Efc and Ecw represent the field amplitudes of the nearest frequency comb optical

mode and the CW laser respectively, and ωfc and ωcw represent their optical frequencies.

Expansion of equation 7.1 yields,

Ibeat(t) ∝ E2
fc(t) + E2

cw(t) + 2Efc(t)Ecw(t) cos (ωbeat + ∆φ(t)) , (7.2)

where ωbeat = ωfc − ωcw and ∆φ(t) is the combined phase difference which includes

oscillator phase noise. The first two terms on the right of equation 7.2 are the DC

components of the two constituent beams. The RF spectrum analyser will not tolerate

DC current at the input so a DC block (Mini Circuits BLK-18) is used to AC couple

the photodiode signal. Due to the very low optical power per frequency comb mode, the

magnitude of the beat signal will be significantly below the -10 dBm minimum input

threshold to the ADF4007. Two in line RF amplifiers are used to amplify the beat

signal (2× Mini Circults ZRL-1150LN+, +34 dB Gain), and bandwidth limiting high-

and low-pass filters (Mini Circuits SHP-800+ and VLF-1000+) when not inspecting the

beat signal on the RF spectrum.
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In all of the frequency comb analysis presented in this chapter, the mode-locked diode

laser is operating under cooled conditions and in the presence of the thin etalon and

linear polariser so as to achieve wavelength tuning to 780nm.

7.1.3 RF spectrum

The RF spectrum trace in figure 7.2(A) represents the first measurement of the beat

spectrum between the CW slave laser and the frequency comb. At this stage no feedback

electronics are connected to either laser therefore both should be considered as free

running. At frequencies higher than 976 MHz, four additional peaks are visible, while

at lower frequencies only a single peak is visible. The frequency separations from peak

a are listed in the figure caption, as well as the nearest lower frequency neighbour

separations in brackets. It is believed that peak a represents the main optical mode of

the frequency comb. Peaks b through f, and their relative separations, correspond to no

known distance or frequency of modulation in either system, nor do they correspond to

any peaks in the sub structure (for any detuning) in figure 4.12.

In an attempt to determine the origin of these unexpected peaks, the frequency comb

mode spacing was altered by 1 MHz divisions via changes in the active modulation

frequency over a 10 MHz span centred at 3.0 GHz and the RF spectra are shown in

figure 7.2(B). Of most interest under the context of beat signal quality - parametrised by

linewidth and isolation from additional neighbouring spectral structure - is the apparent

improvement in appearance of the beat signal quality towards larger negative detuning.

From 0 to -5 MHz, peaks b through e are observed to translate towards peak a. Peak b

merges with peak a causing a higher peak power, narrower peak a, while peak e merges

with peak d yielding a similar effect. Peaks e and f also translate to smaller detuning

from a as ωm is decreased. For increasingly positive modulation frequency detuning,

initially all peaks appear to spread apart followed by the appearance of a disintegration

of peaks a, e and f into multiple, evenly spaced sub-peaks separated by 20 MHz. The

origin of this behaviour remains unresolved. It should be noted that, during acquisition

of these data, if either the mode-locked laser or the CW laser were blocked, in most

cases the entire trace would drop to noise level, but on rare occasions some unknown
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signal remained. The source of this unknown signal was traced back to the CW laser

and will be discussed shortly.

Figure 7.2: (A); An 800 MHz spectral window centred at 1 GHz showing the
RF beat signal between a single CW laser and the frequency comb. The peaks
are labelled a through f. The frequency separation from a are as follows, where
the frequencies in brackets are the separations between that peak and the pre-
vious: a=0 MHz, b=54(54) MHz, c=110(56) MHz, d=178(68) MHz, e=209(31)
MHz, f=-170 MHz. (B); The same RF beat spectra as (A) except where the
mode-locked laser modulation frequency has been explored over a 10 MHz range
centred at 3 GHz. The data in (A) is plotted as 0 MHz detuning in (B). For all
plots RBW=3 MHz, VBW=100 kHz.
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Under no conditions when solely the mode-locked laser was present on the photodiode

were unexpected signals observed on the RF spectrum between 0 - 3 GHz, in either

mode-locked or CW operation. When the mode-locking modulation signal was turned

off and the laser was operating in CW, the beat note between this laser and the slave

CW laser consisted of a single peak approximately 10 MHz wide at FWHM with no

surrounding sub-structure, which is consistent with the width of peak a in figure 7.2(A).

Similar RF spectra were also observed between the frequency comb and the slave cw

laser when the slave laser was manually tuned at least 100 GHz away, suggesting that

the source of the unknown peaks b through f are not localised to a single comb mode,

nor a single monolithic cavity mode of the CW laser.

Returning to the unknown signal originating from the CW slave laser, figure 7.3 shows

the evolution of a 4 GHz RF spectral window as a function of DC injection current to

the CW laser, where the colour map defines the magnitude of the observed signal above

the background noise level. The solid dark blue regions have been intentionally blanked

so as to maintain focus only on areas where unusual activity was present.

Of immediate interest is the recurring cluster around 3.6 GHz. Knowing that the laser

composite cavity length is approximately 30 mm [183], these clusters are believed to be

the inter-mode beat frequency when the laser is operating on multiple composite cavity

axial modes. These clusters appear approximately every 2.86 mA, as calculated by the

mean current difference between the centre of each cluster. From this we calculate a

frequency tuning rate of 1.254±0.005 GHz/mA, in line with the very similar configura-

tion in reference [183]. The symmetric pairs of clusters which appear to converge with

increasing DC injection current are of unknown origin, though they appear to converge

at constant rate towards 1.80 GHz; the first sub-harmonic of the composite cavity axial

mode spacing. The rate of change of frequency with current within these symmetric

clusters is of the order of 183±7 MHz/mA, vastly slower than all respective calculations

thus far.
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Figure 7.3: Surface plot showing the evolution of noise clusters on the RF
spectrum for only the CW slave laser incident on the photodiode as a function
of DC injection current to the CW laser. The dark blue blocks are intenionally
blanked to highlight only the evolution of the unknown signals. The recurring
signals around 3.6 GHz are thought to be the beating of the slave laser external
cavity axial modes. RBW=3 MHz, VBW= 30 kHz

The addition of the frequency comb allows for the observation of the evolution of the

beat signal between the CW and mode-locked laser as a function of the DC injection

current to the CW laser. With the patterns in the data for just the CW laser noted, we

are able to identify the evolution of the correct beat signal (green) and the additional

signals caused by just the CW laser (red) in figure 7.4. The solid red feature present at

3 GHz is the frequency comb fundamental mode spacing. Signals in the spectrum which

are generated by the CW laser only are identified and discounted primarily due to the

presence of the cluster at 3.6 GHz, but also through their steeper gradient; c.f. red and

green highlighted regions. In this figure, the solid blue regions are now present to mask

off the unexpected behaviour observed in figure 7.3. The tuning rate for the CW laser

cannot be calculated from any linear trend between data highlighted by the green regions

as the laser appears to mode-hop between each highlighted cluster, however an estimate
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can be made from the gradient within the green regions. The tuning rate is calculated

to be 348±2 MHz/mA. This tuning value is the most likely to be correct by nature

of the method from which it was derived. The fixed features in the data highlighted

by the red arrows below 1 GHz are background pick up noise. The lower frequency

was traced to pick up from the nearby OSA, as it disappeared when this device was

deactivated. The higher frequency is 957.6 MHz and corresponds, we believe, to pick up

from the Universal Mobile Telecommunications Systems (UMTS) Extended-GSM Band

8 downstream channel: a common 3G cellular data carrier frequency found in mobile

phones for the European region.

Figure 7.4: Surface plot showing the evolution of the optical beat signals be-
tween the CW and mode-locked lasers on the RF spectrum. The solid red
vertical line is the mode-locked laser fundamental modulation frequency. The
clusters highlighted in red are believed to be the result of just the CW laser,
as depicted in figure 7.3, and the highlighted green clusters are believed to be
the true beat signal between the CW and mode-locked laser. RBW=3 MHz,
VBW= 30 kHz

It is anticipated that, in order to determine the source of the extra peaks b - f in figure
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7.2, both the CW slave laser and the frequency comb will need to be characterised

against a source of known spectral properties. A narrow linewidth, single longitudinal

mode laser such as a DBR semiconductor laser would be sufficient. We have also not

ruled out the possibility that the extra peaks may be electronic in origin, however a

number of different electronic amplifiers and filters were tested in various combinations

with no visible sign of improvement on the RF spectrum.

7.2 Optical Frequency Lock

In this section we employ the OPLL circuit described at the start of the chapter. To

characterise the performance of the lock, we consider the RF beat note signal between

two CW lasers for when only the (slow) piezo feedback is used and when both the piezo

and (fast) current feedback are utilised. Following this analysis, the same two CW slave

lasers will be locked to the frequency comb master laser.

7.2.1 CW-CW Frequency Lock

Initially the two CW lasers are tuned to approximately the same positions by grating

angle and temperature tuning using a wavemeter. As stated earlier in the chapter, the

lock point, or rather the target frequency difference between the two lasers, is set to be

960 MHz. Once a suitable beat note is located, the piezo feedback is engaged and yields

a relative frequency lock, figure 7.5(A, Blue). Due to significant noise over the 67 ms

sweep time, the RF spectrum analyser was set to average over 100 samples. Using both

piezo and current feedback channels of the system yields the noticeable narrowing of the

beat signal visible in figure 7.5(A, Red). The increase in the beat note peak power is

due to the higher frequency capability of the current feedback part of the system which

forces the slave CW laser to more closely follow the phase variations of the master and

hence the beat note power is more effectively concentrated towards the centre of the

lock point frequency. To calculate the beat note linewidths the traces in figure 7.5(A)

are first converted from the logarithmic scale to linear and then both normalised to the

maximum peak height of the more powerful beat note signal before a Gaussian fit is
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applied to both. Engaging only the piezo frequency lock yields a beat note linewidth

of 2.63±0.04 MHz from the fit curve at the FWHM (figure 7.5(B)), whereas engaging

both the piezo and current feedback gives a narrower linewidth of 1.40±0.01 MHz (figure

7.5(C)).
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Figure 7.5: Comparison of the beat note linewidths of CW laser (2) stabilised
to CW laser (1) via piezo feedback only and combined current and piezo feed-
back, (A). Subfigures (B) and (C) show the same lineshapes respectively af-
ter being converted to a linear scale and where the peak heights of both have
been normalised to the peak height of the lineshape in subfigure (C). The red
curves in (B) and (C) represent a Gaussian fit to the data. Each trace in (A)
is the result of 100 averages at the spectrum analyser. For a singular sweep,
RBW=VBW=10 kHz

While observing a narrowing in the beat note linewidth by almost a factor of two, it

is clear that the system does not possess the necessary noise bandwidth to stabilise
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the residual phase error between the two CW lasers. When estimating the bandwidth

of a system such as this, typically the RF spectrum will exhibit two pairs of separate

peaks, where each pair is symmetric about the central beat note signal. Outwards from

the beat note signal centre, the first set of peaks tends to reside nominally at a few

hundred Hz, while the second set tends to reside between hundreds of kHz to tens of

MHz. These peaks represent the unity gain bandwidth of the piezo and current feedback

paths respectively. No noticeable side lobes are visible on either trace in figure 7.5(A)

however, making quantification of the system performance difficult. The appearance of

the shoulders on the red trace in figure 7.5(A) is possibly an indication of the maximum

system bandwidth and is estimated to be 8.0±0.5 MHz. The bandwidth of the system

is bottlenecked by the modulation input bandwidth of 500 kHz on the laser current

controller. It is assumed that the lock performance would improve if the fast frequency

corrections from the PLL servo were coupled into the laser via a high bandwidth bias

tee.

7.2.2 CW Lock to the Frequency Comb

Having demonstrated that the OPLL circuit is capable of frequency locking one CW laser

to another, the frequency comb is reintroduced along with a second OPLL circuit. The

second circuit has a different frequency offset lock point equal to 800 MHz (64×25/2

MHz). The intended result is to have two CW lasers locked to the frequency comb

whereby the optical frequency difference between the two CW lasers is much larger than

3 GHz, but still within the maximum (25 GHz) bandwidth of the RF spectrum analyser

so that the beat note reveals information about inter-mode stability. With the mode-

locked laser free running and not stabilised to any reference, the optical frequency of the

two CW slave lasers is expected to drift with the frequency comb, however the inter-

mode spacing of the frequency comb modes should be fixed on account of the active

modulation. Figure 7.1 shows a schematic of the optical arrangement used to acquire

the data in figure 7.6, where the beat signal between the two CW lasers is measured at

photodiode 3.
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During this part of the experiment the exact beat notes between the frequency comb

and the slave CW lasers cannot be viewed on the RF spectrum. An appropriate lock

point may be determined by observing the error signal monitor output from the OPLL.

When the sign of the detuning between the divided down RF and LO signals flips, so

does the sign of the error signal, thereby marking the vicinity of the lock point. The

slave CW lasers are tuned to approximately 21 GHz apart, locked to the nearest suitable

error signal and the beat note signal is recorded and shown in figure 7.6.

Provided the slave lasers are stabilised to the frequency comb and that there exists neg-

ligible breathing of the frequency comb mode separation, a narrow linewidth, frequency

stable beat note would be expected. Figure 7.6 displays six beat note signals over five

sweep times and six resolution bandwidths, where all spectra are single shot measure-

ments. Over short sweep times (1 - 2 ms), the beat note signal takes the form of a narrow

linewidth approximately 250±100 kHz across at -3 dB, which corresponds to individual

laser linewidths of 174±69 kHz (figure 7.6(A)-(C)). As the sweep time increases, the

beat note signal broadens to approximately 65 MHz (figure 7.6(F)). We propose that

the source of this noise is mechanical in nature which originates from multiple sources

and manifests as jitter in the external cavity length and grating feedback angle. The

optical bench is not pneumatically isolated, hence it is likely that there exists a rich

source of background vibration that is coupled to the grating via the laser mount to

the bench. It is possible also that the grating feedback corrections from the servo loop

suffer over overshoot due to the broad beat note linewidth measured in figure 7.2(A) or

through the loop gain being set above optimal. Another possible source of noise is that

of electrical noise introduced by the servo loop. The piezo output from the servo loop

is fed back to the laser via a piezo amplifier with a flat gain across its input modulation

voltage ramp range of 12 dB. The laser optical frequency tuning rate as a function of

piezo voltage is 100 MHz/V, which implies that noise amplitude of only 20 mVp-p is

required from the servo loop output to give ±15 MHz of frequency variation. In reality,

this figure is high for solely the background noise intrinsic to the circuit. Effective anal-

ysis of the noise sources giving rise to this strong broadening of the beat note linewidth

can be achieved through a frequency noise measurement on a FFT spectrum analyser,

which would be part of further analysis in continued research. Despite the apparent
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instability over appreciable fractions of a second, both lasers remained stabilised to the

comb for in excess of 10 minutes, during which the lock point defined by the centre of

the distribution in figure 7.6(F) remained unchanged.
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Figure 7.6: Beat note linewidth measurement of two CW lasers stabilised to the
frequency comb over various resolution bandwidths and RF spectrum sweep
times. In all cases VBW=RBW.

While the work presented in this chapter forms a relatively ’bare bones’ analysis of the

frequency comb stability, a number of important investigative steps have been attempted.

The substructure present in the beat note between the CW slave laser and the comb is of

unresolved origin (figure 7.2). On the one hand, the shape of this sub structure changes
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as a result of altering the mode-locking modulation frequency, whereas on the other

hand this sub structure is not visible on any of the wider span RF spectra of just the

frequency comb. Figures 7.3 and 7.4 revealed that the CW slave laser exhibited periodic

features on the RF spectrum which also appear in the beat note spectrum between the

slave laser and the frequency comb. While the features at ∼3.6 GHz are attributed to

the slave laser operating on multiple composite cavity modes, the periodic structure that

appeared symmetrically about 1.8 GHz remains unidentified. The latter of these figures

demonstrated however that the beat note between the slave CW laser and the frequency

comb still possessed the same substructure as in figure 7.2.

Figure 7.5 demonstrates that the in-house built OPLL circuit is effective at not only

stabilising one CW laser to another, but also that, in itself, it possesses sufficient band-

width to narrow the beat note linewidth by nearly a factor of 2. It is very likely that this

would improve significantly were it not for the bandwidth bottleneck of the laser current

controller modulation input. Finally it was demonstrated that the OPLL circuits were

effective in broadly stabilising two slave CW lasers to the frequency comb. It is believed

that large amplitude, low frequency mechanical noise is the cause of the broad beat note

over larger sampling time scales and that with further time to investigate and eliminate

this noise, the inter-mode stability of the comb could be fully characterised.



Chapter 8

Light Generation for Atomic

Physics Experiments

We now deviate from the frequency comb focus of the thesis to discuss one of two

side projects. While the approach is no longer towards the frequency comb generation,

many of the underlying principles are preserved thereby maintaining suitable presence

in the wider trajectory of the thesis. This chapter has roots in the generation of useful

coherent optical sources for use in ultracold atomic physics experiments, while chapter 9

outlines the very early stages of research towards a novel intra-cavity trace water vapour

spectroscopy technique based on frequency modulation spectroscopy.

8.1 Stabilised Fiber Mach-Zehnder Interferometer

It is not uncommon for atomic physics experiments to require multiple optical sources

that are not only coherent in themselves, but also mutually coherent across all the

sources [12, 13, 184]. In order to generate and maintain this coherence between sources,

a common approach is to generate frequency sidebands on a monochromatic source

through external electro-optical phase modulation or modulation of the DC drive current

in laser diodes. In the former case, sidebands may be generated up to a maximum of

a few tens of gigahertz away from the carrier frequency, usually with the modulation

157
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depth decreasing significantly with increasing modulation frequency. In the latter case,

the modulation response is limited to around the carrier relaxation frequency of the

specific device. In both cases the generated spectral components propagate coaxially and

therefore may require spatial separation to become useful. Acousto-Optical modulation

can be used to generate spatially discrete frequency components, however this mechanical

standing-wave-based diffractive method is generally limited to only a few gigahertz.

The Mach-Zehnder interferometer may be used as a frequency dependent filter [185]

whereby suitable selection of the relative path length imbalance allows for the interfer-

ometric spatial separation of specifically frequency separated optical components. Like

any optical interferometric device, physical properties such as relative optical path length

are susceptible to drift, thereby affecting the optical transmission properties. It is desir-

able therefore to stabilise the device mechanically to maintain a maximum or minimum

in optical transmission at a desired output port.

Perturbation of the interferometer from a given optimal position presents an identical

change in optical properties regardless of the direction of the initial perturbation. Mon-

itoring the change in intensity is therefore insufficient for deriving a suitable correction

signal to nullify perturbations to the system. While it is possible to dither [186] the

interferometer around a peak in transmission, or to ’side of fringe’ lock [187], an elegant

solution is to generate optical sidebands on both sides of the required optical frequency

through phase modulation and observe the differential transmission of these components

through the interferometer via phase sensitive detection. At the point where these side-

bands are equidistant from a maximum or minimum in transmission, the magnitude of

the beat signal between each sideband and the carrier is identical and so the relative

π phase difference between them results in a zero signal. When the interferometer is

perturbed, this perfect beat signal cancellation is disrupted yielding a signal that is both

approximately linear through zero and asymmetric in sign. It is this signal which may

be used to stabilise the interferometer to the desired maximum or minimum.

The method presented here is a variant of the conventional form of phase modulation

[87] where the sidebands are instead generated by Acousto-Optical Modulation and

whose transmission through the interferometer are measured alternately. The specific
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requirement for our intended application is the coherent population transfer between the

F = 2 and F = 3 hyperfine ground states of 85Rb, which have an absolute frequency

difference of 3.0357 GHz and is achieved through a Raman transition. Our custom MZI

has a splitting frequency equal to 2.7 GHz and the remaining 300 MHz is applied later via

an AOM. The splitting frequency of the MZI, ωsep, is the difference in frequency between

two optical components that is required for each component to exit the interferometer

from diagonally opposite ports. To achieve this, the optical path length beteen the two

arms of the interferometer must differ by ∆l = c
2nωsep

. This splitting effect occurs due

to one optical component obtaining a π phase shift compared with the other component

over this extra optical path length. Shown in figure 8.1 is a schematic layout of the

experiment.

Figure 8.1: Diagram showing the schematic layout of the stabilised Mach-
Zehnder interferometer. FOI; Faraday Optical Isolator, NP; Non-polarising
Beam splitter Cube, AOM; Acousto-Optical Modulator, EOM; Electro-Optical
Modulator, PD; Photodiode, BD; Beam Dump, MS; Microscope Slide,

Optical sidebands of 2.7 GHz are generated on the diode laser output by an EOM before

entering the MZI in the forwards direction at port A. Just before the EOM, a beam

sampler splits off a small amount of the beam which is then directed through an AOM.

This AOM generates spatially discrete sidebands at frequencies of ω0±ωAOM (ωAOM =

80 MHz) which, after a mechanical beam chopper, are recombined before entering the

MZI in the backwards direction at port C. The chopper passes the beams alternately
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and information about the relative phase of the chopper blade is captured by photodiode

3. The transmission of these AOM sidebands through the interferometer is monitored

at output port B by photodiode 1. The error signal is derived by subtraction of the

relative magnitudes of the transmitted sidebands. The error signal is processed by a

software PID loop programmed into the microcontroller, converted into a Pulse Width

Modulation (PWM) signal and finally used to regulate the current to a Thermoelectric

Cooler (TEC). The optical path length of one of the interferometer arms is therefore

altered through changes in the fibre refractive index as a result of changes in the fibre

temperature. Finally, the bulk of the signal at the carrier frequency is transmitted

through the MZI from ports A to D and monitored by photodiode 2 for the purpose of

measuring the lock performance (during characterisation the EOM is inactive).

8.1.1 Theoretical Lineshape of Error Signal

Our theoretical description of the functional form of the error signal starts with the basic

building blocks of frequency modulation, where we consider a sinusoidal perturbation to

the phase of an already sinusoidally varying E-field. We may write this field as:

E = E0e
i(ω0t−kz+φ), (8.1)

where,

φ = φ0 + β cos (ωmt) . (8.2)

Here β and ωm are respectively the modulation index and modulation frequency. Noting

that for a monochromatic field the rate of precession of phase angle, φ0, is constant, i.e.:

ω =
dφ

dt
, (8.3)
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it becomes clear that a time dependent perturbation to the phase gives rise to a time

dependent shift in optical frequency given by,

∆ω = ω − ω0. (8.4)

Following some rearrangement it can be shown that

∆ω = −βωm sin (ωmt) . (8.5)

This expression represents the frequency shift imposed on the optical carrier frequency

given by a sinusoidal modulation applied to the phase of the carrier signal.

Consider now the magnitude of the transmission of an optical component through the

MZI as a function of ψ, the phase difference accumulated by the different path lengths

of the MZI. This transmission may be written as:

T =
∣∣∣1 + eiψ

∣∣∣2 . (8.6)

Given the earlier definition of the MZI splitting frequency, it must be the case that if

the optical carrier frequency entering the MZI acquires a change in absolute frequency

equal to the MZI splitting frequency, the corresponding accumulated phase difference at

recombination is δ → δ+ π. Deconstruction of δ into δ = δ0 + δ1 and rearranging yields

ψ0 = ψ − ψ1, where ψ0 is the phase shift accumulated for ω0 and ψ1 = π∆ω
ωsep

.

At this point the derivation deviates from that of true phase modulation as we consider

that we instead create our frequency sidebands with an AOM at frequencies ω0±ωAOM .

As such, after substituting for δ, equation 8.6 may be written,

Serr =

∣∣∣∣1 + e
i
(
ψ0+

πωAOM
ωsep

)∣∣∣∣2 − ∣∣∣∣1 + e
i
(
ψ0−

πωAOM
ωsep

)∣∣∣∣2 . (8.7)

Instead of T , we are able to write Serr as, unlike with pure phase modulation, we are not

required to demodulate the detected transmitted signal against modulation frequency

to generate the error signal. Instead, having detected the transmitted intensity of the

two sideband beams, the form of the error signal is achieved directly by subtracting the
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lower sideband signal from the upper. Following expansion of the right hand side and,

in the limit of ωAOM � ωsep, the error signal becomes,

Serr = −4πωAOM
ωsep

sin (ψ0) . (8.8)

Equation 8.8 exhibits the same dependence on ψ0 as for real phase modulation; it equals

zero at ψ0 = 0 and is asymmetric in sign either side of zero. It is therefore suitable for

locking ψ0 to zero, or in other words, stabilising the MZI interarm path difference.

8.1.2 Error Signal Characterisation

The interferometer itself was custom made by OzOptics to supplied design specification,

while the remaining experiment was setup using standard off the shelf optics. Despite a

stated path length difference tolerance of ±0.5 mm, we observed no realistically measur-

able difference in the positions of maximum sideband transmission or minimum carrier

frequency transmission. Characterisation of the error signal is accomplished by perturb-

ing the interferometer and monitoring both the carrier frequency transmission through

ports A to D of the MZI, TAD, and the computed residual of the sideband transmission

via ports C to B. This perturbation is achieved by simply applying a moderate current

to the TEC for a short period of time and allowing the interferometer to drift back

towards a state of passive thermal equilibrium. Plotted in figure 8.2 is a short window

of the mutual relationship between the two signals. Observed are both a zero value in

the error signal as TAD is zero as well as the required sign asymmetry about this point.

It is worthy of noting that, while constructing the MZI setup, care should be taken

to ensure equal AOM sideband powers are coupled into the interferometer. Uneven

sideband powers will manifest in a narrowing of the locking region and an alteration

of the lock point (Serr = 0). A direct consequence of the latter is the potential for a

non-zero value for TAD while the interferometer is locked.
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Figure 8.2: Characterisation of the measured error signal and optical carrier
signal transmission through the MZI following a small perturbation to the rel-
ative path length. The error signal gradient magnitude is proportional to the
rate of the change of relative path length.

8.1.3 Carrier Transmission Suppression Analysis

Testing the quality of the lock requires inspection of the carrier transmission over an

extended period of time. After an initial time allowed for the interferometer to settle,

logging of TAD was started and data was collected over a period in excess of 2 hours while

free to drift naturally. The interferometer was then locked to TAD = 0 and data for TAD

was logged over the same period of time. In figure 8.3 we show the computed FFT of

these two signals. Over the period of data acquisition for the locked signal, the average

value of TAD was 6.3× 10−4 corresponding to an extinction of 32.0 dB which is thought

to be limited by the response time of the thermal system and the beam alignment to

the beam splitter cube. We attribute the lower power spectral density for perturbations

faster than 100 mHz to the shallower gradient of the transmission curve for TAD around

TAD = 0.
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Figure 8.3: Relative power spectral density for TAD around TAD = 0 in the
locked state and freely drifting in the unlocked state.

In review, while 32 dB of carrier suppression is adequate for our intended purpose, it is

possible to improve the interferometric extinction by increasing the top end frequency

bandwidth limit of the feedback loop. The microcontroller processing loop time is of

the order of 10 ms which is limited by the processing power of the Arduino. In order

to reach this upper frequency limit the TEC method of path length adjustment can be

replaced by a fiber stretcher [188], though this would necessitate the use of high voltage

amplifiers to drive the piezoelectric transducer thereby adding further complexity and

cost.



Chapter 9

Intra-Cavity Trace Water

Detection

The year 2016 will mark the 350th anniversary since the first demonstration of dispersed

sunlight was observed by Newton. With this first optical spectrum, the now immeasur-

ably large field of spectroscopy was born. Over the centuries, spectroscopy has led in

one way or another to the discovery of previously unseen parts of the electromagnetic

spectrum [189] as well as new matter elements [190]. In terms of precision and accuracy,

the field of spectroscopy is rich with techniques for determining the position within the

electromagnetic spectrum where a measurable event has occurred. Arguably the latest

sub-field of precision spectroscopy to be formed, comes as the result of the invention of

the octave spanning frequency comb [191].

The drive towards higher accuracy and precision only forms one half of the story how-

ever; the other half is the drive towards high sensitivity [192]. The ability to detect

the presence and concentration of some species of interest is of incredible importance in

many scientific and technological applications, and it is this principle which forms the

basis of this initial work. More specifically, this chapter presents the starting point of a

novel, intra-cavity, trace water vapour concentration detection method, which is based

on the principles of Frequency Modulation Spectroscopy (FMS). In the context of trace

vapour concentration detection, there exists a vast array of highly sensitive spectroscopic

165
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techniques to choose from. In the following sections, an abridged review of some of the

salient techniques is presented before continuing to outline the principle of this new tech-

nique, derive basic cavity reflection lineshape theory and compare against experimental

results and finally describe an improved model which forms the essential framework for

continuation of this research. It should be noted that this work is far from complete,

however the work presented was instrumental in securing a CASE studentship to fund

a Ph.D place to continue the research. Between this authors direct involvement and the

time of writing this work, a patent application has also been submitted towards securing

the intellectual property. Continued research into this project is being conducted with

an aim of future miniaturisation and commercialisation of a final product.

In this chapter, the division of work and contribution is as follows. The literature review,

experimental setup and acquisition of data and results is solely the work of the author.

The theoretical frameworks for the PDH model and the improved transmission based

model with AM contribution included is a combined effort by the author and Andrew

Chapman. While work towards the FM&AM model was conducted ’by hand’ in equal

measure by both individuals, the final computerised numerical model was completed

by Andrew Chapman. Analysis of the results and their comparisons is the work of the

author.

9.1 Review of Literature

9.1.1 Measurement by Direct Absorption

At the most basic level, measuring absorption directly is simply the process of measuring

the power of a signal after intereaction with an absorbing sample and comparing it with

the known power before the sample. Determination of the absorption coefficient αmin

(cm−1) in this way is easily understood though the Beer-Lambert law which states that

for light traversing a length L through a volume containing an absorbing species, the

light intensity will be attenuated by a factor of e−αminL, such that,

Il = Il0e
−αminL, (9.1)
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where Il and Il0 are, respectively, the exiting intensity and the incident intensity. The

absolute detection limit of direct absorption is that of the shot noise intrinsic to the

complete optical and electronic system. This includes effects such as the spontaneous

emission in the laser gain medium and the uncertainty in whether an absorption event

has actually occurred or not. Assuming that noise associated with the optical signal

is reduced to zero, the shot noise limit given in [193] defines the smallest electronically

detectable absorption signal as,

(αminL) =

(
2eB

ηP0

) 1
2

, (9.2)

where e, B, η and P0 are the electronic charge, detection bandwidth, detector electronic

response (A/W) and incident laser power respectively. In practice failing to achieve, or

even approach the shot noise limit is commonplace without extreme care in reducing

technical noise in the experimental setup. Noise intrinsic to the detection electronics and

radiation source are of primary concern and experimentalists will expend considerable

effort to reduce effects such as shot noise in detection electronics and intensity noise

in the laser source. One method for accounting for laser intensity noise is to use dual

balanced detectors [194] [195]. Initially the laser source will be split into two paths, one

containing the sample of interest. The beam traversing the path with no sample contains

all noise sources up to the point of detection encoded in it. Dual balanced detectors are

therefore used as a common mode noise subtraction method, significantly improving the

final SNR and limiting further noise sources to the detection electronics. Care should

be taken to ensure that the detectors have suitable bandwidth for detecting the laser

intensity noise and that the optical path lengths are equal.

A seemingly obvious improvement to the technique of direct absorption, other than

reducing the noise in the system, is to increase the path length over which the incident

light field is interacting with the absorbing sample. The use of an optical cavity, as

originally proposed by Kastler [193], allows the extension of the optical path length L

through the absorbing species by an amount proportional to the cavity finesse, F .
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9.1.2 Cavity Enhanced Absorption Spectroscopy

Cavity Enhanced Absorption Spectroscopy (CEAS) [196, 197] is essentially a direct ab-

sorption method, where the optical interaction path length is extended by the use of

an optical cavity. The presence of the cavity offers two significant advantages. Firstly,

the cavity increases the interaction path length by an amount proportional to the cavity

finesse and hence alters equation 9.2 by the factor 2F/π, yielding,

(αminL) =

(
2eB

ηP0

) 1
2

.
( π

2F

)
. (9.3)

The result of the extra factor is an increase in absorption for a given sample density

which improves the detection sensitivity. The second aspect is associated with the stored

power inside the cavity. The cavity finesse is a function of the mirror reflectivities and

of the total intracavity losses. If we assume momentarily that the intracavity absorption

is zero, the ratio of circulating intensity inside the cavity and the incident intensity from

the laser source may be given as, [112],

Icirc
Iinc

≈ 1

T
, T = t2i (9.4)

where ti is the mirror transmission coefficient and hence T is the mirror power transmis-

sion coefficient. If we further assume the mirrors are identical, and transmit only 0.1%

of the incident power then the cavity may contain 1 Watt of circulating power for only

1 mW of incident power. This is especially useful for probing very weak absorptions.

Another variation of CEAS is to weakly modulate the laser frequency and employ an

electronic servo loop for feeding back to the laser operating current, thus stabilising

the laser output and narrowing the laser linewidth. By locking the laser to the cavity

resonance via a method such as Pound-Drever-Hall locking [87] and slowly scanning the

cavity, one is essentially scanning the laser frequency over the absorbing transition. By

ensuring that the cavity scan range far exceeds the absorbing resonance linewidth, the

on- and off-resonance absorptions may be determined. Lock-in based demodulation of

the detected signal at the cavity modulation frequency yields a dispersion-like signal;

the peak-to-peak height of which contains the desired absorption information. A critical
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aspect of this method however is the gain bandwidth of the locking servo. The laser

linewidth must be narrow enough such that the cavity resonance linewidth is at least 2-3

orders of magnitude larger. A high finesse cavity is an excellent frequency discriminating

filter and hence if the laser linewidth is of the order of the cavity resonance linewidth,

variations in the laser frequency will be efficiently converted to amplitude variations

which in turn manifest as intensity noise at the detector.

9.1.3 Frequency Modulation Spectroscopy

Frequency Modulation (FM) is a technique for encoding a sinusoidal waveform onto a

stable CW laser which may be recovered later via demodulation. The encoded waveform

exhibits an instantaneous frequency difference from that of the carrier frequency which

is in direct proportion to the amplitude of the modulation signal. For the purpose

of measuring absorption, it is common to assume that the light field one wishes to

modulate is purely sinusoidal (ω0), and that the modulation frequency (ωm) is also purely

sinusoidal, resulting in a relatively simple optical spectrum containing the central carrier

frequency and sideband frequencies removed from the carrier frequency by exactly ωm.

The amount of energy from the carrier which is transferred to the sidebands depends

on a unitless quantity known as the modulation index (or modulation depth, equation

2.1), β = ∆ω/ωm, which theoretically may take any value between 0 and +infinity. In

this expression ∆ω is the amplitude of the modulation signal, which may be understood

as the maximum frequency deviation of the carrier frequency.

The principle advantage of the FM method is that the absorption information from even

very weak resonances is encoded into an optical signal at the modulation frequency.

In most cases this is a spectral region where little technical noise exists, intrinsically

improving the SNR. There exist two generally described domains for modulation of

the laser wavelength; Wavelength Modulation (WM) and the aforementioned Frequency

Modulation (cf. chapter 2). The former is generally characterised by the modulation

index whereby β > 1 as a result of a large modulation amplitude at low modulation

frequencies. Conversely the latter is described by shallow modulation at a high frequency,

generating frequency sidebands at greater separations from the carrier frequency than
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the modulation amplitude. In the WM regime typical values for ωm are in the tens to

a few hundreds of kHz region.

Given in [193], the shot noise limit for sensitivity for FMS is given by,

(αminL) =

(
2eB

ηP0

) 1
2

.

√
2

J0(β)J1(β)
. (9.5)

In this equation, Ji(β) are, respectively, the zeroth- and first-order Bessel functions of the

first kind. The second factor on the right hand side of equation 9.5 actually decreases

the theoretical sensitivity of FMS by up to a factor of 4.15 when the denominator,

J0(β)J1(β), is maximised (see figure 9.1, J0(β)J1(β) = 0.34 when β = 1.08). While this

is the case, it is common to see reported experimental FMS sensitivities superseding

those of direct absorption experiments.
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Figure 9.1: Numerical plot showing the magnitude of the first two orders of
Bessel functions of the first kind as a function of the modulation depth, β,
along with their product over the same range.
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9.1.4 Noise-Immune Cavity-Enhanced Optical Heterodyne

Molecular Spectroscopy

NICE-OHMS [198] is the amalgamation of two highly successful spectroscopic methods;

Cavity Enhanced Absorption Spectroscopy and Frequency Modulation Spectroscopy.

NICE-OHMS works by having two modulation tones which are used independently for

locking the laser to the high finesse cavity and detection of the absorbing species placed

inside the cavity. The ’Noise-Immune’ aspect of this technique arises due to the match

between the FM modulation frequency and the cavity FSR. By placing the frequency

sidebands on the corresponding adjacent axial cavity modes, they are coupled into the

cavity in an identical way to the carrier, but also contain identical frequency noise as

that of the carrier, and so during phase-sensitive detection the fixed phase relationship

between sidebands and carrier allows for the almost complete removal of amplitude

modulations caused by the carrier/cavity interaction. In essence, this allows for the

presence of the cavity to increase the optical interaction path length while appearing as

though the cavity is not present. Where the linewidth of the absorption resonance is

typically much broader than the cavity linewidth, the cavity length must be scanned in

order to reproduce the entire absorption resonance profile. The detection principle lies

in that of the absorbing species altering the intracavity refractive index thereby causing

the carrier-frequency axial mode to be phase shifted with respect to the adjacent axial

modes. The cavity is monitored to determine the FSR changes due to scanning the cavity

length L, and the sideband frequency is tracked to the FSR frequency. Demodulation

of the cavity transmission at the FSR frequency generates a dispersion signal due to the

beating of the sidebands with the carrier.

Recalling that NICE-OHMS is essentially the combination of two previously discussed

methods, for which the shot-noise limited sensitivities in absolute absorption are given

by equations 9.3 and 9.5, it is possible to write the shot-noise limited sensitivity for the

NICE-OHMS technique as [193],

(αminL) =

(
2eB

ηP0

) 1
2

.

√
2

J0(β)J1(β)
.
( π

2F

)
. (9.6)
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9.1.5 Cavity Ring-Down Spectroscopy

Cavity Ring-Down Spectroscopy (CRDS) is a very well established, highly sensitive

spectroscopic technique. The founding incarnation of this technique, developed in 1998

by O’Keefe and Deacon [199] utilised a pulsed laser source incident on a high finesse

optical cavity, contained within which is the medium of interest. As with other highly

sensitive absorption methods, the optical cavity provides an increase in the light-matter

interaction path length by an amount proportional to the cavity finesse. Initially a

short laser pulse is incident on the cavity, of which an amount enters the cavity in

accordance with the reflectivity of the first cavity mirror (typically the mirrors will have

reflectivities on the order of 99.99%, resulting in values for the finesse of order 105).

Upon every round trip of the cavity an amount of light from the pulse is lost to different

effects such as Mie and Rayleigh scattering, absorption at the cavity mirrors, absorption

from the intracavity media and light coupled out through the mirrors, ultimately leading

to an exponential decay in the detected transmitted pulse intensity over time. CRDS is

a direct absorption method, however the measurement is performed by determining the

rate at which light is absorbed instead of simply the total absorption over a given time.

The technique is immune to pulse-to-pulse intensity variations as only the characteristic

decay constant is important. The useful absorption information is contained within the

ring-down time corresponding to a 1/e decay in detected pulse intensity. Comparison

of the decay time constants for a cavity with and without an absorbing species present

(or more accurately when on and off resonance with the absorbing lineshape) eventually

leads to the concentration of the absorber by comparison of the rate of absorption.

Given the plethora of techniques available, table 9.1 aims to give an idea of the achievable

values for the measurement of the absorption coefficient across these different techniques.
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Author Technique Absorption, αmin (cm−1)

Haller [200] Balanced Beam Direct Absorption 4.2×10−8

Spence [201] CRDS 1.0×10−12

Ye [193] Direct Cavity Transmission 6.4×10−13

Kasyuitch [202] OFL-FMS 2.1×10−11

Ye [193] NICE-OHMS 1×10−14

Ma [203] CE-FMS 1×10−14

Table 9.1: Summary of minimum detectable values for the absorpton coefficient
for various ultra-sensitive trace detection techniques.

9.2 Proposed Concept and Relevant Theory

At its foundation, the proposed new spectroscopic method calls upon the principles

of intra-cavity FM spectroscopy. The fundamental difference of this method is that

where the above methods use the optical cavity as a way of increasing the interaction

path length and for scanning the central laser frequency over the analyte absorption

feature, we instead focus on measuring the properties of the optical cavity itself where

we determine the absorption through accurate measurement of the cavity linewidth.

From the experimental measurement of the linewidth, the cavity finesse, F , given as,

F =
π
√
r1r2e−2αicL

1− r1r2e−2αicL
, (9.7)

can be determined and hence the absorption coefficient, αic, for the intra-cavity losses

can be found. Modulation of the DC injection current to a laser diode generates optical

sidebands either side of the carrier signal, ω0, at separations equal to the modulation

frequency, ωm. Information about the optical cavity resonance absorption and dispersion

lineshape is encoded onto the frequency modulated beam which may be revealed by

subsequent phase sensitive demodulation at ωm and 2ωm. By sweeping the frequency

modulated laser over the cavity resonance and performing the demodulation in-phase

(in-quadrature) with ωm and 2ωm in real time, absorption (dispersion) lineshapes derived

exactly from the cavity resonance can be achieved. It is through this process that we
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aim to determine the changes in the cavity lineshape - specifically the FWHM linewidth

to begin with - and hence determine the analyte absorption.

A crucial advantage intrinsic to the more fully developed system, unlike methods such

as NICE-OHMS, is that we intend for the cavity to be stabilised to the line centre of the

analyte absorption feature, and for the probing laser to be stabilised to the cavity and

on resonance with the analyte absorption. A result of this difference is the reduction is

noise originating from the mechanical modulation and tracking of the cavity, and from

the constant perturbation of the probing laser.

For the purpose of this initial research, the aim is to derive the basic theory which

governs the experimental lineshapes obtained from the interaction of a frequency modu-

lated laser with a Fabry-Perot optical resonator. Through an eventual desire to stabilise

the experimental laser to the cavity, we perform the experiment in the cavity reflec-

tion regime (rather than transmission) in a manner identical to the Pound-Drever-Hall

(PDH) scheme [87, 88]. In the future development of the system, the cavity lineshape

measurements will be conducted in the transmission regime while laser stabilisation to

the cavity will be derived from the reflection regime. In the following we consider the

single frequency emission from a laser which is to be frequency modulated. In actual-

ity, the modulation of the laser drive current imparts the frequency modulation at the

source, however the resulting beams are, in the region of small β, identical.

The electric field emitted from a single frequency laser, Einc, oscillating at ω0 given by,

Einc(t) = E0e
i(ω0t+φ(t)), (9.8)

where E0 is the field amplitude and φ(t) is the phase. Because frequency is the rate of

change of phase, imparting a sinusoidal modulation to the phase results in modulation

of the instantaneous carrier frequency. The form of the modulation signal is given by

φ(t) = β sin(ωmt) and hence the incident field becomes,

Einc(t) = E0e
i(ω0t+β sin(ωmt))). (9.9)



Chapter 9 Intra-Cavity Trace Water Detection 175

Where the modulation signal is sinusoidal, using the Jacobi-Anger identity [204] (equa-

tion 9.10, where k is any integer) makes possible the expansion of the modulation com-

ponent of the exponential into a series of Bessel functions of the first kind, Jk(β), so

that the field becomes (9.11),

eiβ sin(θ) =
∞∑

k=−∞
Jk(β)eikθ, (9.10)

Einc(t) = E0e
iω0t

∞∑
k=−∞

Jk(β)eikωm . (9.11)

Under suitably weak frequency modulation of the laser, the infinite sum over the integers

k may be reduced to the components pertaining to the carrier frequency and the two

first order frequency sidebands, hence k = −1, 0, 1 only. With this simplification, and

using the Bessel function identity J−k(β) = (−1)kJk(β), the incident field becomes,

Einc(t) = E0

[
−J1(β)ei(ω0−ωm)t + J0(β)eiω0t + J1(β)ei(ω0+ωm)t

]
(9.12)

The reflection coefficient of the optical cavity, Rcav(ω), is now introduced such that the

total reflected field from the cavity is given by Eref (t) = Rcav(ω)Einc(t). With the

spectral properties of the cavity now encoded onto the laser, the beam is directed onto

a photodiode. The generated photocurrent is governed by the incident beam intensity,

Iref , which is given by Iref = 1
2ε0c |Eref |

2. From the expansion of the square modulus

of the reflected field we arrive at,

Iref =
ε0cE

2
0

2

[
J2

0 (β)
∣∣Rcav(ω0)

∣∣2 + J2
1 (β)

∣∣Rcav(ωm)
∣∣2 + J2

1 (β)
∣∣Rcav(−ωm)

∣∣2
+ 2J0(β)J1(β)

[
Re
(
Rcav(ω0)R∗cav(ωm)−R∗cav(ω0)Rcav(−ωm)

)
cos (ωmt)

+ Im
(
Rcav(ω0)R∗cav(ωm)−R∗cav(ω0)Rcav(−ωm)

)
sin (ωmt)

]
− 2J1(β)

[
Re
(
Rcav(−ωm)R∗cav(ωm)

)
cos (2ωmt)

+ Im
(
Rcav(−ωm)R∗cav(ωm)

)
sin (2ωmt)

]]
. (9.13)

Inside the large square brackets, the first three terms correspond to the CW carrier,

positive sideband and negative sideband optical components respectively. The terms
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in cos (ωmt)and sin (ωmt) represent the in-phase and in-quadrature beat signals of the

individual sidebands against the carrier while the cos (2ωmt) and sin (2ωmt) represent the

in-phase and in-quadrature beat signals of one sideband with the other. The superscript

asterisk signifies the complex conjugate and Rcav is given by [88],

Rcav(ω) =

r

(
e
i
(

ω0
ωFSR

)
−1
)

1− r2e
i
(

ω0
ωFSR

) , (9.14)

where r represents the amplitude reflectivity of the cavity mirrors on the assumption

that the two mirrors are identical. The magnitude of the beat signal between each single

sideband and the carrier is equal, however there exists a π phase shift between them.

If the optical resonance were not present, the resulting beat signal on the photodiode

would be zero. As such, the presence of the optical resonance absorption profile acts

to alter the magnitude and sign of the beat signals, while the dispersion profile acts to

alter the relative phases of the two beat signals, thereby inhibiting the cancellation at

the photodiode.

The electronic signal generated at the photodiode, which contains all of the components

in equation 9.13, is used as the experimental signal that is to be mixed with the reference

signal. The demodulation lineshapes of each beat component in equation 9.13 may be

acquired by appropriate choice of the reference signal frequency and phase. Figure 9.2

shows the 4 lineshapes which can be acquired by demodulation, which in order are the

ωm in-phase, ωm in-quadrature, 2ωm in-phase and 2ωm in-quadrature signals. In the

literature, these signals are commonly referred to as the ’1f in phase’, ’1f quadrature’,

’2f in-phase’ and ’2f quadrature’ signals respectively. The reason the modulation signal

is chosen as the reference signal is that during demodulation, the lock-in amplifier is

sensitive only to frequency components within a very narrow (kHz) band centred at the

reference signal and hence it is a very effective way by which to reduce noise on the

resulting signal.
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Figure 9.2: Examples of the theoretical demodulation lineshapes given by equa-
tion 9.13. For these data, r from equation 9.14 is chosen to be 0.98 which gives
an absorption FWHM linewidth of approximately 25 MHz and the value for
ωm is 5 MHz. (A); 1f in-phase, (B); 1f in-quadrature, (C); 2f in-phase, (D); 2f
in-quadrature.

The lineshapes given in 9.2(A, B) are the typical lineshapes one requires for laser sta-

bilisation to the optical cavity; between the upper and lower maxima the lineshape is

approximately linear, it crosses zero at line centre and has an asymmetric sign about

zero. It should be mentioned however that the slope of the absorption signal (A) is mod-

ulation frequency dependent and quickly becomes unusable after ωm is increased about

the resonance linewidth FWHM. The dispersion signal however maintains its shape

about line centre with the exception of smaller dispersion signals which merge outwards

as ωm is increased. Reference [99] contains an excellent demonstration of the behaviour

of the 1f signals as a function of changing modulation frequency. Figures 9.2 C and D

show the 2f signals which we ultimately aim to use for determining the shape of the

cavity resonance. In the following section the experiment which has been constructed to

generate these lineshapes is described and example spectra for the 1f in-phase and 2f-in

quadrature signals are presented.
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9.3 Experiment and Results

In order to generate the lineshapes predicted by the above theoretical framework, we

constructed the experiment depicted schematically in figure 9.3. The laser source is a

GaN based, 20 mW diode laser emitting at 405 nm, of which approximately 1.5 mW of

laser power is used in total. The diode is integrated into an external cavity identical to

that in figure 2.1. Sinusoidal current modulation (TTi TG 2000 function generator) is

coupled to the laser through a Bias Tee (Mini-Circuits ZX85-12G+). Spatial filtering

of the beam is achieved with a 100 mm plano-convex lens and a 25 µm pinhole before

being re-collimated with a 25mm plano-convex lens to achieve a 4 fold reduction in beam

diameter to approximately 1 mm. A telescope (not shown) is used to further reduce

the beam diameter to approximately 0.5 mm for improved coupling to the FP cavity.

The scanning FP cavity has a mirror separation of 5 cm and a Free Spectral Range of

1.5 GHz given by c
4L .The measured (FWHM) resonance linewidth is ∼ 25.2 MHz thus

resulting in a nominal finesse of ∼59. By applying a sawtooth modulation signal to a

piezo mounted to one cavity mirror, the cavity length may be scanned and hence the

resonance frequency is scanned over the laser carrier frequency. The effect is identical

to scanning the laser frequency over resonance by current, temperature or grating angle

tuning. The cavity reflection is detected with a biased photodiode (Thorlabs DET10A)

and amplified by a photodiode amplifier (Femto DHPCA-100, 103 V/A gain at 80 MHz

bandwidth). Demodulation at ωm and 2ωm is achieved using a lock-in amplifier (SRS

Model 844). The lock-in amplifier phase locks its own internal stable oscillator to the

TTL output of the signal generator from which the laser modulation signal is derived,

and it is this phase locked oscillator which provides the reference signal for demodulation.

The time constant of the filter applied to the output of the mixers in the lock-in amp

are set to 100 µs at 6 dB/Octave. The phase of the reference modulation signal used in

the demodulation process is altered manually with respect to the experimental signal to

achieve the appropriate waveforms on the oscilloscope. Signal output from the lock-in

amplifier is viewed on an oscilloscope which is also the point of data acquisition. It should

be noted that in this experiment the contents of the cavity go unaltered. At this very

early stage of the research, we simply look to compare the shape and important features
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of the experimentally obtained signals against the signals generated from the theory.

In all of the following numerical and experimental results, the positive peaks for the 1f

in-phase, 1f in-quadrature, 2f in-phase, and negative peaks for the 2f in-quadrature have

been normalised to unity. While it is not explicitly shown the modulation signal power

is that which gives modulation sidebands of approximately 0.1 times the amplitude of

the carrier signal, ω0. A specific power is not given because every laser diode device

will have a different modulation response and for the purpose of repeatability, it is only

the magnitude of the sidebands that matters rather than the precise modulation power

setting used to achieve them.

Figure 9.3: Schematic diagram of the optical arrangement for measuring the
total back-reflection optical field from the scanning Fabry-Perot cavity. The
modulation source to the laser also acts as the demodulation reference for the
lock-in amplifier, LIA. The beam is spatially filtered, SF, before the Half Wave
Plate, HWP, adjusts the linear polarisation to transmit through the polarising
beam splitter cube, P, before being circularly polarised by the Quarter Wave
Plate, QWP. The cavity transmission lineshape is measured on Photodiode 2
whereas the cavity reflection is monitored at photodiode 1. The Voltage Ramp
generator, VR, scans the piezo attached to the mirror in order to sweep the
resonance frequency over apprximatly 3 GHz.

We begin the experimental results by considering the 1f signals. Plotted in figure 9.4

are the in-phase (A) and in-quadrature (B) signals for ωm= 10 MHz. In each case,

the data has been smoothed by a moving gaussian window of width equal to 500 kHz.

As predicted from the PDH lineshape theory above, the sign of the gradient changes

between the two demodulations and, for the quadrature signal, a very slightly steeper

gradient is observed. Something which is not predicted from the PDH theory is the

observed unequal relative peak magnitudes. The above PDH theory is based on pure

frequency modulation. While this is an acceptable assumption to first order, especially so
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for very weak current modulation of the laser diode, in actual fact the modulation of the

laser diode injection current simultaneously modulates both the instantaneous carrier

frequency and the laser output power, the latter of which results in amplitude modulation

sidebands which are superimposed upon the FM sidebands. It has been reported that

the frequency dependent ratio of AM modulation index to the FM modulation index

is as low as 200:1 for modulation frequencies below 20 MHz [205], making the AM

contribution essentially negligible. We therefore attribute the significant peak magnitude

difference in figure 9.4 to background noise in the measurement. It is possible also

that, through the manual process of choosing the optimum phase angle of the reference

demodulation signal, the wrong angle was chosen, resulting in quite strong distortion of

the experimental lineshape.
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Figure 9.4: Example experimental data for the demodulated cavity reflection
signal showing the in-phase (absorption) lineshape, (A), and the in-quadrature
(dispersion) lineshape, (B). The detuning refers to the relative position of ω0

from the centre of the cavity resonance. The value of ωm is 10 MHz

Plotted in figure 9.5 is a series of 4 1f in-phase demodulation signals. In this figure, plots

A-D represent ωm=5, 10, 15 and 20 MHz respectively, with a cavity FWHM linewidth

of 25 MHz.
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Figure 9.5: Example data for the evolution of the 1f in-phase (absorption)
demodulation lineshape as a function of increasing modulation frequency. (A-
D) refer to ωm=5, 10, 15 and 20 MHz respectively. In each case the positive
peak amplitude has been normalised to unity.

As predicted by the FM theory derived above and in reference [99], the gradient at

the central zero crossing begins to drop as the modulation frequency is increased. This
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occurs because the frequency sidebands start to interact with the resonance absorption

lineshape at larger carrier frequency detunings from the resonance centre. The larger

overall frequency range of interaction results in a smearing out of the 1f in-phase line-

shape. In any case, provided ωm does not exceed the resonance FWHM frequency, the

slope of the 1f in-quadrature signal essentially approximates a linear slope around zero

detuning. A potentially useful aspect of using the in-phase signal for locking the laser to

the cavity is that this signal provides a greater locking range than the quadrature sig-

nal, albeit at the expense of the quality of the lock, due to the larger frequency spacing

between the peaks.

Consider now the 2f quadrature signals for the same modulation frequencies (5, 10, 15

and 20 MHz). Likewise with the 1f signals, at this stage we are not concerned with the

precise magnitude of the centre-most feature. Instead we are concerned with the be-

haviour of the relative magnitudes of the various peaks and the separation of the y-axis

equals zero points. The first point to note is the consistent uneven signal amplitude for

the two positive peaks. These peaks effectively represent the magnitudes of the pos-

itive gradients of the 1f quadrature signal. Their unequal amplitude is attributed, as

before, to the presence of the amplitude modulation in the optical signal. The ratio of

the two peak heights to the central trough depth also approaches 1:1 as the modulation

frequency is increased. This is an unexpected behaviour from an intuitive perspective

because, from figure 9.2(B), the dispersion lineshape of the cavity has the greatest mag-

nitude difference at the two Half Width Half Maximum points. As such it would be

expected that the magnitude of the central feature would be largest when the modula-

tion frequency approaches the resonance FWHM frequency. The apparent broadening of

the 2f lineshape is attributed to the same smearing effect as described for the 1f signals.

It is envisaged that, through further research, this effect in combination with the effect

observed for the ratio of the maximum peak amplitudes could be precisely characterised

for the purpose of determining the precise cavity resonance lineshape, and hence reach

our goal of determining the cavity finesse.



Chapter 9 Intra-Cavity Trace Water Detection 183

-200 -150 -100 -50 0 50 100 150 200

S
ig

na
l A

m
pl

itu
de

-1

-0.5

0

0.5
A

-200 -150 -100 -50 0 50 100 150 200

S
ig

na
l A

m
pl

itu
de

-1

-0.5

0

0.5
B

-200 -150 -100 -50 0 50 100 150 200

S
ig

na
l A

m
pl

itu
de

-1

-0.5

0

0.5

1
C

frequency (MHz)
-200 -150 -100 -50 0 50 100 150 200

S
ig

na
l A

m
pl

itu
de

-1

-0.5

0

0.5

1
D

Figure 9.6: Example data for the evolution of the 2f in-quadrature (dispersion)
demodulation lineshape as a function of increasing modulation frequency. (A-
D) refer to ωm=5, 10, 15 and 20 MHz respectively. In each case the negative
peak amplitude has been normalised to unity.
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9.4 Combined FM & AM Model

In light of the above, where we have demonstrated the ability in achieving experimental

1f and 2f signals in the cavity reflection (PDH) regime, and considering that the above

numerical model is only capable of predicting the pure FM demodulation lineshapes,

this final section is devoted to the derivation of a new model which both incorporates

the AM component and aims to predict the cavity lineshapes in the transmission regime.

We begin with the transmitted electric field after interaction with the cavity given by,

Etrans(t) = E0(1 +M sin(ωmt+ ψ))
∞∑

k=−∞
T (ω)Jn(β)ei(ω0+kωm)t, (9.15)

where the Jacobi-Anger identity has already been incorporated. Here, M is the AM

index, ψ is the relative phase difference between the AM and FM contributions, and

T (ω) is the transmission function of the cavity. The transmission function provides the

mathematical infrastructure for the future addition of the analyte into the cavity. By

converting the sinusoidal component of the AM contribution to exponential format and

multiplying the entire expression by its complex conjugate, the optical intensity may be

written as,

Itrans(t) =
ε0cE

2
0

2

[
1 +M

(
ei(ωmt+ψ) − e−i(ωmt+ψ)

2i

)]
×[

1−M

(
e−i(ωmt+ψ) − ei(ωmt+ψ)

2i

)]
×

∞∑
k=−∞

∞∑
l=−∞

Tk(ω)T ∗l (ω)Jk(β)Jl(β)ei(k−l)ωmt. (9.16)

Here, while k and l may represent any integer, we limit their values to −1, 0, 1 to indicate

that only the first order sidebands are present for small β and small M . By multiplying

out the AM terms and summing over all combinations of k and l we arrive at the
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following intensity,

Itrans(t) =
ε0cE

2
0

2

[(
1 +

M2

2

)
+Mi

(
e−i(ωmt+ψ) − ei(ωmt+ψ)

)
− M2

4

(
e2i(ωmt+ψ) + e−2i(ωmt+ψ)

)]
Akl, (9.17)

where the FM components are given by,

Akl =

[
T0T

∗
0 J

2
0 (β) + T−1T

∗
−1J

2
1 (β) + T1T

∗
1 J

2
1 (β)

− T0T
∗
1 J0(β)J1(β)eiωmt + T0T

∗
1 J0(β)J1(β)e−iωmt − T−1T

∗
0 J0(β)J1(β)e−iωmt

− T−1T
∗
1 J

2
1 (β)e−i2ωmt + T1T

∗
0 J0(β)J1(β)eiωmt − T1T

∗
−1J

2
1 (β)ei2ωmt

]
. (9.18)

In equation 9.18, the Tk subscript notation refers to the transmission function profile

at the frequency, ω0 + kωm. The first three terms are the DC components of the car-

rier frequency, and negative and positive sidebands respectively. After some incredibly

tiresome rearranging, we arrive at the real and imaginary parts of the 2f signal given,

respectively, by,

2fIP = ε0cE
2
0 × Re

[
− T1T

∗
−1J

2
1 (β)− M2

4
T0T

∗
0 J0(β)e2iψ+

Mieiψ
[
T0T

∗
−1J0(β)J1(β)− T1T

∗
0 J0(β)J1(β)

]]
cos (2ωmt), (9.19)

2fIQ = ε0cE
2
0 × Im

[
− T1T

∗
−1J

2
1 (β)− M2

4
T0T

∗
0 J0(β)e2iψ+

Mieiψ
[
T0T

∗
−1J0(β)J1(β)− T1T

∗
0 J0(β)J1(β)

]]
sin (2ωmt). (9.20)

These expressions represent the in-phase and quadrature beat components at 2ωm, after

transmission through the optical cavity, and without loss of generality in terms of the

relative modulation indices. The transmission function is given in general terms as

T = e−δ(ω)+iφ(ω), where δ and φ are expressions for the frequency dependent resonance

absorption and dispersion respectively. The cavity absorption lineshape, for the purposes

of the following calculations is assumed to be Lorentzian. Plotted in figure 9.7 are

direct comparisons between the theoretical 2f quadrature signal (equation 9.19) and the

previously acquired data for the same signal (figure 9.6). While the physical regime for



186 Chapter 9 Intra-Cavity Trace Water Detection

which the signals are derived differ for this experimental and theoretical comparison - the

experimental data was acquired in the cavity reflection regime whereas the theoretical

data is calculated for the cavity transmission regime - the functional forms of the signals

in each case are identical.
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Figure 9.7: Comparison of the theoretical (blue) and experimental (red) 2f
quadrature demodulation lineshapes as a function of increasing modulation fre-
quency. The theoretical curves are derived from equation 9.20 in the cavity
transmission regime whereas the experimental data is the demodulated reflec-
tion signal from the cavity. Figures A - D represent ωm=5, 10, 15 and 20 MHz
respectively.

The first point to note is the mismatch of the peak amplitude between the two positive

experimental and theoretical peaks either side of line centre. We acknowledge that while

the noise background is not predicted numerically, it’s magnitude in the experimental

data does not appear significant enough to justify the positive peak amplitude mismatch.

The frequency detuning of these peaks from resonance is well predicted by the theory

however. Also observed is a good match between the theory and experiment in terms of

the zero amplitude crossing point in all 4 cases, notwithstanding the significant increase

in the background noise as the modulation frequency increases. Interestingly also, the

presence of the AM terms in the 2f quadrature signal appear to predict the noticeable
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central peak shape distortion around zero detuning in figure 9.7(D). The AM index, while

being held constant for all four numerical plots, clearly begins to have a stronger effect

as ωm is increased, acting to shift the position of minimum signal amplitude towards a

very small negative detuning and gives rise to the observed asymmetry.

Finally, while the scale of the effect is very small in these numerical plots, the maximum

amplitudes of the two positive peaks is predicted by the model to be unequal. For the

chosen AM index value of M=0.0005 (cf. β=0.1), the peak amplitude difference for

ωm= 20 MHz is only 0.005%, in favour of a lower amplitude for the positively detuned

peak. It is likely therefore that, given the clear imbalance in the experimental data, the

FM to AM ratio for this specific laser device is considerably closer to 1:1 than we predict

in the numerical model.

The next logical progression for this research would certainly be to reconcile the large

mismatch in the positive peaks between the theoretical prediction and the experimental

results. Following this, considerable progress could be made towards commercialisation

if a comprehensive characterisation of the intra-cavity losses could be conducted, along

with complete investigation of the effects observed for varying ωm for a given cavity

resonance lineshape. It is envisaged that under full time research this project could

quickly become a working prototype, albeit with optics, cavity mirrors and a laser source

tailored towards a wavelength that is much more strongly absorbed by water vapour.





Chapter 10

Conclusions and Future Work

The underlying motivation for the work in this thesis was the development of a coherent,

broad bandwidth, stable frequency comb which spans approximately 1 nm and which

encompasses the D2 line of Rubidium. The laser sources used for the atomic physics

experiments within the group use multiple laser sources which require long term sta-

bilisation near, and far from, single photon resonances. In the current state the MOT

lasers are stabilised individually to a Rb vapour cell via separate spectroscopy setups,

while the Raman lasers are manually detuned to approximately 10 GHz where they are

left free running. It is desirable therefore to provide a stable optical reference for both

sets of lasers, onto which the experimental lasers can be stabilised at arbitrary positions

up to 100 GHz from the nearest single photon resonance.

To this end, active mode-locking of a commercially available laser diode around a 3 GHz

repetition rate was attempted in an external cavity. Initial characterisation shows that

the proportion of the modulation current reaching the diode is very small and hence

the optical modulation response is considerably weaker than desired. Measurement of

the back-reflected modulation power revealed that around 40% of the power is reflected,

thereby justifying an attempt at impedance matching the transmission line to the laser

diode via a bespoke RF stub based on the microstrip transmission line principle. Ther-

mal characterisation revealed that the stub was heating up through absorption of the

incident RF laser modulation signal and no improvement in the laser diode modulation

189
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performance was observed. It is highly likely that this is due to the stub’s dielec-

tric material. We therefore conclude that using a substrate material which has been

specifically designed for RF modulation, such as RT/Duroid 6035HTC from Rogers

Corporation [206], may be effective in demonstrating an improvement in the laser diode

modulation.

Investigation progressed onto characterisation of the mode-locking performance by way

of consideration of the temporal pulse shape via intensity autocorrelation, and spec-

tral content via the RF spectrum and optical spectrum. Approximately 21 ps pulses

were observed with a corresponding optical spectrum spanning at least 1 nm. This

spectral coverage easily fulfils the comb bandwidth requirements set out by the desired

frequency detuning of the above mentioned Raman beams. Characterisation of the op-

timum mode-locking conditions in terms of the adjustable experimental parameters was

also given along with discussion as to their relative importance. We conclude that the

temperature has a negligible effect on the pulse width over a 5◦C range unless operating

close to the threshold current. The operating DC injection current is considerably more

important and an optimum value of approximately 80% of the threshold current was

determined. The modulation signal power is also important, however data shows that

above a certain threshold power (at constant DC current), the pulse width observes only

a small degree of temporal shortening as modulation power increases. It is suspected

that device parasitic effects are to blame as the increase in modulation power above this

apparent threshold does not cause significant improvement in the pulse width. By far

the most sensitive parameter is the modulation frequency. Negative detuning by more

than approximately 5 MHz causes a sharp increase in the pulse width and a collapse

of the broad optical spectrum, whereas positive detuning causes the pulses to broaden

vastly slower while broadening the optical spectrum. The time bandwidth product then

respectively resembles a laser operating in CW and a very poorly mode-locked laser,

where, for large positive detuning, the time bandwidth product reaches nearly 50; ap-

proximately 100 times the Fourier transform limit.

At best, the time bandwidth product was 13.41 and hence the pulses are far from the

transform limit. Though not documented, optical pulse compression of the pulses was
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attempted. No evidence of compression was achieved and it was tentatively concluded

that mode-locking in clusters was the reason.

Analysis of the RF spectrum for the mode-locked laser revealed a comb of modes up

to the bandwidth limit of the RF spectrum analyser. While very encouraging, no solid

evidence to suggest the mode-locked laser emission resembled that of a frequency comb

was yet acquired. To this end the air track interferometer was constructed. Employing

the rubidium stabilised CW ECDL demonstrated in chapter 2 as a reference, the recorded

CW and mode-locked laser interferograms were processed to correct for mirror velocity

variations and Fourier transformed to give the optical power spectrum. These spectra

demonstrated the comb-like nature of the optical spectrum with a resolution limit of

794 MHz. A number of improvements are suggested for this work, including larger

computational resources, mechanical actuators for the initial impulse and either lighter

gas line tubing or an alternative gas delivery approach. All of these are purely technical

limitations and are therefore not insurmountable.

Injection locking was attempted as a way of anchoring an individual frequency comb

mode to another laser which could be stabilised to Rb, thereby demonstrating that

the stability criteria of the initial objective could be met. For the sake of expedience,

the CW (master in this context) laser was free running to allow for quick tunability

and for testing the bandwidth over which injection locking could be achieved. Using

the heterodyne detection scheme, coherence between the injected mode and the rest of

the frequency comb was shown to be successfully transferred by the active modulation

process across at least 12 comb modes. This indicates that there is at least 18 GHz

of phase coherent spectrum either side of the injected mode. With access to a faster

photodiode and, ideally, an RF amplifier of similar bandwidth, a larger bandwidth could

be investigated for determining the extent of the phase coherence.

With the mode-locked laser successfully injection locked to the CW master laser, the

quality of the resulting pulses improved dramatically. While the pulse width observed

a marginal increase of up to 18%, the degree of side-mode suppression on the optical

spectrum resulted in the time bandwidth product reducing to as low as 1.44, or 3.27

times the Fourier transform limit. Unfortunately this also resulted in the spectral width
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of the comb decreasing to below 100 GHz which, while still usable, is below our target

comb bandwidth. This investigation does however highlight a possible middle ground

for future development of the system. The mode-locking in clusters regime is caused by

the combination of weak modulation and imperfect AR coating on the front diode facet.

It is not unforeseeable that the etalon used for wavelength tuning could be optically

coated to improve its finesse, thereby acting as a bandwidth limiting device as well. If

this bandwidth were still broad compared to the monolithic cavity mode spacing, but

narrow compared to its FSR, the modulation signal could have its influence limited to

perhaps only 3-4 monolithic cavity modes worth of spectral bandwidth. It is suggested

therefore that the active modulation perhaps could then couple these clusters of modes

together achieving a result much closer to the desired comb bandwidth, but while also

maintaining optical pulses far closer to the transform limit. In any case, the evidence

provided by the degree of sidemode suppression strongly supports the notion that the

laser is operating in a clustered mode-locking regime. Alternatively, and as part of

any ongoing investigation, it would be beneficial to attempt to integrate a saturable

absorber mirror into the external cavity. This would still maintain the requirement

for active modulation so as to have an electronically derived repetition rate and mode

spacing, while relinquishing the bulk of the pulse shaping to the saturable absorber.

Returning to the heterodyne detection scheme, the injection locking chapter closed with

results indicating that for 9.8 µW of master laser power the bandwidth for which injection

locking was established was approximately 370 MHz. It was also shown that the locking

range increased with master laser power, as predicted by relevant literature and that for

master laser powers below 3.9 µW the injection locking detuning region is shown to be

asymmetric in favour of a larger red detuned range.

In the frequency comb analysis chapter the beat note spectrum between the frequency

comb and a (now slave) CW ECDL was shown to consist of multiple peaks whose origin,

unfortunately, has eluded identification. We propose that the system would need to be

calibrated along side a characterised, narrow linewidth laser source. The confusion as to

the origin of these additional peaks is enhanced after observation of the RF spectrum of

both the CW ECDL and the frequency comb. While the CW laser was shown to exhibit
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some unusual signals periodically with increasing DC injection current, these did not

explain the features observed when beating against the frequency comb. Furthermore,

with solely the frequency comb being viewed on the RF spectrum, no features of the

magnitude or position observed in figure 7.2 were present.

The in-house made OPLL circuit was shown to be effective at stabilising one CW laser

to another and, where electronic feedback was used in conjunction with grating angle

feedback (via the piezo drive voltage), the beat note linewidth was reduced by nearly

a factor of 2. We propose that the resulting beatnote linewidth would improve were it

not for the bandwidth bottleneck imposed by the current controller modulation input.

Finally a series of CW-CW beat note RF measurements were taken when two CW slave

lasers were phase locked to the frequency comb. Over short sweep times the linewidth

of the beatnote appears narrow (approximately 174 kHz for the individual lasers) which

broadens significantly as the RF sweep time is increased. While it is proposed that

mechanical noise due to lack of isolation is to blame, it would be insightful to fully

characterise the OPLL circuit response before any investigation into mechanical noise

sources is conducted.

Shifting away from the frequency comb, we have also demonstrated the path length

stabilisation of a fibre Mach-Zehnder interferometer for carrier frequency removal from

a phase modulated laser source. Remaining stably locked for approximately 2 - 3 hours,

the system displayed 32 dB of carrier frequency suppression, limited by the bandwidth

of the feedback servo system. We propose that to improve this suppression, the TEC

element should be replaced with a fibre stretcher, though this would come at considerably

greater cost.

Initial research into a novel intra-cavity trace water vapour detection concept shows

definite promise as a successful future technique. The basic starting lineshapes are

as predicted by the Pound-Drever-Hall model, and improvements to the theoretical

description begin to predict the change in lineshape for the corresponding changes in

modulation frequency. Future work on this project would involve complete spectral

characterisation of the cavity and incorporation of the analyte absorption and dispersion

properties into the transmission function. Further, by switching from a macroscopic
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cavity to whispering gallery mode resonators (so as to miniaturise the cavity) the door

to precisely tailorable and low cost cavities is opened, which would be desirable from a

future commercialisation standpoint.

It is regrettable that, due to time constraints, more effort could not be spent investigat-

ing the frequency comb Vernier (mode-identification) concept. While that is the case,

a second mode-locked laser was constructed to be a carbon copy of the first and a very

early results for the RF frequency comb are given in appendix C. We have neverthe-

less demonstrated in this thesis the building blocks required to investigate this concept

further. It is foreseeable that, with two mode-locked lasers a reality, CW injection lock-

ing from a Rubidium stabilised master laser could be very effectively used to anchor

two common frequency comb modes to the same frequency and hence generate a work-

ing prototype of this concept in perhaps only 3 - 6 months. Finally, with the Vernier

scale a reality, very little modification could be employed in order to produce the first

demonstration of dual frequency comb spectroscopy [207] with mode-locked diode lasers.



Appendix A

Actively Mode-Locked Diode

Laser Rate Equations

Here the rate equations which can be used to describe the dynamic operation of semi-

conductor diode lasers are derived. These coupled rate equations describe the transient

behaviour of the laser gain medium and optical emission through the time dependent

evolution of the electric field, E, and the charge carrier number, N , and are arrived at

through the semiclassical laser theory original described by Haken [31] and Lamb [32].

The presented derivation closely follows those presented by Tartwijk and Lenstra [36],

Agrawal and Dutta [38] and Ohtsubo [35].

A.1 Coupled Rate Equations

The derivation of the rate equation for the electric field begins with Maxwell’s equations

where we derive the basic wave equation for electromagnetic field propagation in a di-

electric and the complex dielectric function which provides the framework for the laser

gain and loss. From here we continue towards obtaining the complex propagation con-

stant before defining the relationship between example forward and backward travelling

electric fields. From these fields the threshold gain and the allowed cavity modes are

found which provides the starting condition for reaching the electric field rate equation.
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A.1.1 The Field Equation

Maxwell’s Equations govern the propagation of an electric field in a dielectric and are

given by [208],

∇ ·D = ρf (A.1a)

∇ ·B = 0 (A.1b)

∇× E =− ∂B
∂t

(A.1c)

∇×H = J +
∂D
∂t

(A.1d)

where, for a dielectric, non-magnetic medium the constitutive equations are given by,

D = ε0E + P (A.2a)

B = µ0H (A.2b)

and from Ohm’s law, where σ is the material conductivity,

J = σE. (A.3)

In the above equations, D is the electric diaplcement vector, B is the magnetic induction

vector, E is the electric field vector, H is the magnetic field vector, P is the density of

the induced dipole moments, which, macroscopically, is referred to as the Polarisation

vector and J is the current density vector. In terms of scalar identities, ρf , ε0 and µ0

are the free charge density, the permittivity of free space and the permeability of free

space respectively.

From the above, we first take the curl of A.1c, then substitute for equation A.2b, A.1d,

A.3 and A.2a, and finally using the vector identity,

∇× (∇×A) = ∇ (∇ ·A)−∇2A, (A.4)
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where A is any vector of space, we can achieve the expression,

∇2E −∇ (∇ · E)− 1

c2

∂2E
∂t2
− σ

ε0c2

∂E
∂t

=
1

ε0c2

∂2P
∂t2

. (A.5)

The term, ∇ (∇ · E) = 0, may be neglected on the assumption that there are no free

charges, and using the expression c = 1√
µ0ε0

results in the following wave equation,

∇2E − 1

c2

∂2E
∂t2
− σ

ε0c2

∂E
∂t

=
1

ε0c2

∂2P
∂t2

. (A.6)

Following substitution of example sinusoidal fields for E and P given by,

E (x, y, z, t) =
1

2

[
E (x, y, z) ei(k0z+ωt) + c.c.

]
≡ Re

[
E (x, y, z) ei(k0z+ωt)

]
(A.7a)

P (x, y, z, t) =
1

2

[
P (x, y, z) ei(k0z+ωt) + c.c.

]
≡ Re

[
P (x, y, z) ei(k0z+ωt)

]
(A.7b)

equation A.6 now reads,

∇2E +
ω2

c2

[
1− iσ

ε0ω

]
E = − ω2

ε0c2
P , (A.8)

where E and P are the field amplitudes and c.c. represents the complex conjugate. In

the context of an electric field inside a dielectric, the degree of the polarisation response

of the material to the total field is determined by the (complex) frequency dependent

electric susceptibility, χ(ω). In equation A.9 E is the total field, which must take into

account not only the applied field, but also the resulting field from the induced material

polarisation. The larger the susceptibility the easier it is for the material to be polarised

by the applied field and hence the weaker the penetration of the applied field into the

material. The complex susceptibility is related to E and P by the following expression,

P = ε0χ (ω)E, (A.9)

where, in the following relationship, single and double primes are the real and imaginary

parts, and the subscripts ’bg’ and ’p’ indicate the background (unpumped) and pumped
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(by charge injection in the case of the semiconductor laser) components, respectively,

χ (ω) = χ′bg (ω)− iχ′′bg (ω) + χ′p (ω)− iχ′′p (ω) . (A.10)

Following substitution of equation A.9 into equation A.11, we arrive at the wave equa-

tion,

∇2E + ε (ω) k2
0E = 0. (A.11)

where,

k0 =
ω

c
, (A.12a)

ε (ω) = ε′ (ω) + iε′′ (ω) = εbg (ω) + χ′p (ω)− i
[
χ′′bg (ω) + χ′′p (ω) +

σ

ε0ω

]
, (A.12b)

εbg (ω) = 1 + χ′bg (ω) . (A.12c)

In the above, ε(ω) is the complex dielectric constant and k0 is the free space propagation

constant.

It is worth briefly reflecting on what we have achieved thus far. The wave equation,

A.11, is the starting point from which determination of the spatial laser modes can be

made. The laser modes are the solutions to the wave equation in steady state and, to

reach these solutions as an end user, precise knowledge of the semiconductor structure is

required. The reason for this is that the boundary conditions imposed by the structure

(essentially refractive index gradients caused by the doped semiconductor layers) define

the structure of the optical field. in this thesis the diode we intend to actively mode-lock

is a commercial device, meaning that any device parameters on the (sparse) datasheet

are for general operation only1. We are therefore limited to analysis only in the axial

(z) direction along the resonator.

In the axial direction, allowed mode(s) may be altered by changes in the refractive

index (and hence optical path length between the resonator mirrors) and the material

absorption. An example electric field which has a single linear polarisation parallel to the

1Attempts were made to acquire information pertaining to the semiconductor structure through direct
contact with the brand, but no information beyond the datasheet was provided.
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plane of the semiconductor active region, the x direction, and travels in the z direction

is given by,

E = x̂EAe
i(κz+ωt) (A.13)

where the complex propagation constant, κ, may be found by substitution of equation

A.13 into equations A.11, and is given by,

κ = ñk0. (A.14)

Here, ñ is the complex refractive index, which may be written as,

√
ε (ω) = ñ = n+ i

αtot
2ko

. (A.15)

The complex propagation constant may now be written as,

κ = nk0 + i
αtot

2
, (A.16)

where n is the real component of the refractive index and αtot is the imaginary compo-

nent which defines the absorption by the laser medium. Related through the complex

dielectric function A.12b, n and αtot may be found by relating the real and imaginary

parts of equation A.15 [38] which gives,

n =
√
ε′ (ω) =

√
εbg (ω) + χ′p (ω) (A.17a)

αtot =
k0ε
′′ (ω)

n
=
k0

n

[
χ′′bg (ω) + χ′′p (ω) +

σ

ε0ω

]
(A.17b)

Typically χ′p (ω)� εbg (ω) and so n may be approximated by n = nbg + ∆np [36], where

the latter is the change in background index due to the presence of pump charge carriers.

From equation A.17b χ′′bg is the unpumped material absorption and χ′′p is responsible

for the fall in χ′′bg due to pumping of the laser medium, and σk0
nε0ω

accounts for various

internal loss mechanisms.
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The total effect of all the loss mechanisms in αtot and their relative changes due to

electronics pumping can be expressed as the optical gain, given by [36],

gopt = − k0

nbg

[
χ′′bg + χ′′p

]
(A.18)

The various loss mechanisms may be summarised as follows,

αm =
k0χ

′′
bg

n
(A.19a)

αi =
k0σ

nωε0
(A.19b)

αR =
1

2L
ln

(
1

R1R2

)
(A.19c)

This argument takes into account a laser without an external cavity. We can therefore

replace R2 with Reff given by,

Reff =

[√
RAR +

√
αilRext (1−RAR)

1 +
√
RextRAR

]2

. (A.20)

where αil is the coupling factor, or insertion loss factor, into the external cavity. For

the purpose of the derivation, we shall stick with R1R2 as it stands, because we can

account for the external cavity output coupler mirror reflectivity and AR coating when

defining the boundary conditions for the E field in the final model. The total absorption

coefficient becomes,

αtot = −gopt + αi. (A.21)

Due to the fact that the laser is a Fabry-Perot cavity, the oscillating mode must perfectly

overlap with itself after one complete cavity round trip. We may therefore write the

forward and backward travelling waves as:

Ef (z) = EA,f e
(−ink0z−αtotz2 ) (A.22a)

Eb (z) = EA,b e

(
−ink0(z−L)−αtot(z−L)

2

)
(A.22b)
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which are interrelated by,

EA,f (0) = r1EA,b (0) EA,b (L) = r2EA,f (L) (A.23)

where, for any integer p,

Rp =
∣∣r2
p

∣∣ , (A.24)

Substitution of these boundary conditions into equations A.22a and A.22b gives,

√
R1R2 e

[2ink0L+αtotL] = 1. (A.25)

Taking the real and imaginary parts give the threshold optical gain and threshold oscil-

lating frequencies, given respectively by,

gopt,th = αi + αR = αi +
1

2L
ln

(
1

R1R2

)
(A.26)

and,

ωm =
mπc

nL
.. (A.27)

We now make the following definitions regarding the effective refractive index and thresh-

old oscillation frequency such that,

neff = n+ ω
∂n

∂ω
, (A.28a)

ωth,m =
mπc

nthL
, . (A.28b)

The refractive index can be expanded to first order around the threshold oscillation

frequency and the threshold carrier density,

n = nth +
∂n

∂ω
(ω − ωth) +

∂n

∂N
(N −Nth) , (A.29)
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whereby equations A.27, A.28a, A.28b and A.29 may be combined to give,

(ω − ωth) = − ωth
neff

∂n

∂N
(N −Nth) . (A.30)

This expression shows how the oscillating laser frequency has a linear dependence on

the carrier density, N , and furthermore highlights that the optical frequency decreases

for increasing DC injection current.

To derive the field rate equation, we begin from the lasing condition given by equation

A.25 and recognise that following a single round trip of the cavity when above threshold,

the gain is given by this same condition,

√
R1R2 e

[2ink0L+αtotL] = G (A.31)

Central to this condition is the frequency, ω, and carrier density, N , dependence of the

wavenumber, k0. The wavenumber can therefore be expanded to first order around these

variables at threshold which, with the help of equation A.29 and A.28a, may be written

as,

k0n =
ωthnth
c

+
neff
c

(ω − ωth) +
ωth
c

∂n

N
(N −Nth) . (A.32)

Substitution of equation A.32 into A.31 and separating into components which are in-

dependent of and dependent on frequency respectively, we arrive at,

G = GωidGωd, (A.33)

where,

Gωid = r1r2e

[
2iωthL

c
∂n
∂N

(N−Nth)+αtotL
]

(A.34a)

Gωd = e

[
2iωthL

c

[
nth+

neff
ωth

(ω−ωth)
]]
. (A.34b)

From equation A.25 we exploit the fact that, after one round trip of the cavity, the

change of phase must be either 0 or an integer number times 2π, meaning that the first
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part of the exponential in equation A.34b must be 1:

2iωthnth
c

= 2π ⇒ ei2π = 1. (A.35)

Now using the definition for the round trip time of the cavity, and that −iω may be

written as the operator d
dt , given by

2Lneff
c

= τrt, (A.36a)

−iω =
d

dt
, (A.36b)

resulting in,

Gωd = e−τrt
d
dt e−iτrtωth . (A.37)

We must now re-use the condition that, for sustained laser oscillation to occur, the phase

of the complex electric field must overlap with itself perfectly following one round trip

of the laser cavity. Under this condition, we may state that for a trial forward travelling

electric field,

Ef (t) = GEf (t) , (A.38)

and likewise for the backward propagating field. Consider now that the complex field

may be separated into terms which vary at different time scales with respect to ω,

the optical angular frequency. They are represented respectively as E∗f (t) which varies

slowly, and eiωtht which varies at the optical angular frequency at threshold, and may

be written as,

Ef (t) = E∗f (t) eiωtht. (A.39)

Substitution of equation A.39 into equation A.38, further substituting for G from equa-

tion A.33 and noting that e−τrt
d
dt is in effect a delay in τrt, we arrive at the field under
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the slowly varying field approximation (SVEA) given by,

E∗f,b (t) = GωidE
∗
f,b (t− τrt) . (A.40)

The total field may therefore be written in an identical way, where τrt contains all the

frequency independent components of the gain G. For when the alterations to E(t) are

small per round trip of the laser cavity, the field may be expanded to first order around

the cavity round trip time such that,

E (t− τrt) = E (t)− τrt
dE (t)

dt
. (A.41)

Rearranging to make the differential component the subject and substituting for an

expression of identical form as equation A.40 yields,

dE (t)

dt
= τ−1

rt

[
1−G−1

ωid

]
E (t) . (A.42)

Employing the following identities,

1. For small x, ex ≈ 1 + x,

2. from the rules of logarithms, eln(x) = x and − ln (x) = ln
(

1
x

)
,

3. from equation A.26, 1
2L ln

(
1

R1R2

)
≡ 1

L ln
(

1
r1r2

)
, and,

4. the group velocity, υgr, is given by υgr = c
neff

= 2L
τrt

.

and substituting in for equation A.30, we may write,

dE (t)

dt
=

[
−i (ω − ωth) +

1

2
(υgrαtot)

]
E (t) . (A.43)
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From Tartwijk et al [36], where the gain has been expanded to first order, or linearized,

around the carrier density, N ,

gopt = Γg = Γgth + Γ
∂g

∂N
(N −Nth) , (A.44)

gth =
∂g

∂N
(Nth −Ntr) , (A.45)

(ω − ωth) = − ωth
neff

(N −Nth) =
1

2
αΓυgr

∂g

∂N
(N −Nth) , (A.46)

where α is the Henry alpha linewidth enhancement factor [209]. Using the above, we

can now write the full rate equation for the electric field as,

dE (t)

dt
=

1

2
[Γ (1 + iα)GN (N −Nth)]E (t) + Esp (t) . (A.47)

where,

Gn = υgr
∂g

∂N
. (A.48)

A.1.2 The Carrier Equation

The carrier equation can be constructed by the simple addition of any effects that cause

an increase or decrease in the carrier number. We begin with [36]:

∂N

∂t
= ζ∇2N +

J

e
−R (N) , (A.49)

The first term on the right defines the effects of intraband carrier scattering, where

ζ is the intraband diffusion coefficient. Where all interband dynamical charge effects

occur on a picosecond to nanosecond timescale, and since the spatial effects of the

material polarisation equilibrate on a time scale of a few tens of femtoseconds, the

spatial intraband scattering term can be neglected entirely. J is the injection current

density and R accounts for the losses due to spontaneous and stimulated emission, and

can be represented as:

R (N) = Rst (N,S) +
N

τib (N)
, (A.50)
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where Rst (N,S) is the rate of stimulated emission, S is the photon number and τib (N)

is the interband relaxation, or recombination time, which describes the non-radiative

upper state population losses, spontaneous emission loss and Auger recombination losses

collectively, and is given respectively by,

N

τib (N)
= ΛN + βN2 + ΥN3. (A.51)

The photon number S is normalised such that S = |E|2. It has been shown in [35] that

the rate equation for the charge carrier density is given by,

dN (t)

dt
=

J

ed
− N

τib (N)
−GN [N (t)−Ntr] (A.52)



Appendix B

Mode-Locking Characterisation -

Pulse Width Uncertainty

The pulse temporal width characterisation in sections 4.1.1 and 4.2 shows surface plots of

the pulse temporal FWHM parameter as determined by the Gaussian fit to the intensity

autocorrelation trace captured at the oscilloscope. Associated with these theoretical fits

is the uncertainty in the fit which, when using a surface plot to demonstrate the trends in

the parameter spaces, does not provide clear infrastructure for showing the uncertainty

in the fit value. As such we present the uncertainty in the calculated FWHM parameter

in the following surface plots.

The Gaussian fit to the temporal lineshape data is achieved through the non-linear least

squares fit functionality in Matlab. The uncertainty presented here is the standard error

in the FWHM value calculation.
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Figure B.1: Uncertainty in the calculated FWHM parameters for the temporal
pulse widths. Plots A - C correspond directly to plots A - C in figure 4.2.
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Figure B.2: Uncertainty in the calculated FWHM parameters for the temporal
pulse widths. This plot corresponds to plot A in figure 4.8.





Appendix C

Frequency Comb Vernier - The

RF Frequency Comb

Here we demonstrate the first results achieved towards the frequency comb vernier.

The Vernier is the beating together of two mode-locked diode lasers whose repetition

rates are fractionally different. In the frequency domain, this is identical to their mode

spacings (and hence active modulation frequencies) being fractionally different. The

beating together of these lasers produces a comb of modes on the RF spectrum, where

each comb tooth is separated in frequency from its neighbours by the precise active

modulation frequency difference between the lasers, and is referred to as the ’RF comb’.

In figure C.1 we show the RF comb for the two actively mode-locked diode lasers whose

modulation frequencies are 2.995 GHz and 2.998 GHz, and hence the mode spacing of

the RF comb is precisely 3 MHz. In this figure, the RBW and VBW were set to 4.7 Hz.

The two mode-locked lasers are not stabilised to one another.
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Figure C.1: Radio Frequency comb between two actively mode-locked diode
lasers. Inset is the optical spectra for each optical frequency comb (blue and
red) and the combined spectra where both mode-locked lasers are incident at
the optical spectrum analyser (yellow)

While in the first instance the results appear favourable, i.e., an RF comb of narrow

linewidth, evenly spaced frequency components, it soon becomes clear that these results

are unfeasible given the experimental conditions. Where the two frequency combs are

not phase coherent, and hence free to drift with respect to one another, it is exceptionally

unlikely that the optical modes would remain stable enough over the 180 second sweep

time of the single shot measurement. Furthermore, where the linewidth of the optical

modes is believed to be on the order of at least 1 MHz, the linewidths of the RF comb

modes are unfeasibly narrow.

A reasonable conclusion is that the modes are the result of detection nonlinearities in

the photodiode. The photodiode will convert the optical pulse train into a corresponding

current pulse train; the spectrum of which will contain harmonics of the pulse repetition

rate. When both optical pulse trains are incident on the photodiode, and since the pulses

from the two combs overlap approximately only once in every one thousand pulses, it

is likely that the optical nonlinearity of the photodiode is mixing the harmonics of the
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two comb repetition rates to generate the above RF comb. Since this depends upon

the uniformity of the pulse arrival time(s) and not the linewidth of the optical modes

comprising the pulses, the features on the RF comb will be significantly narrower that

a conventional optical beat note.
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