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Abstract

Motivated by the applications of high-resolution spectroscopy in astrophotonics, this

thesis presents the experimental work and development of a broadband wide-mode-

spacing astrocomb system as part of the UK consortium for the High Resolution

Spectrograph (HIRES) in the forthcoming Extremely Large Telescope (ELT).

A 1-GHz Ti:sapphire laser served as the master source comb of the system,

pumping a visible broadband supercontinuum and a phase-coherent PPKTP-based

degenerate optical parametric oscillator (OPO), spectrally broadened in highly non-

linear fibre. The system was fully stabilised, and provided an atomically-traceable

1-GHz astrocomb across nearly two octaves from 500–2200 nm.

Residual noise from the dither-locked OPO hindered subsequent modal filtering

in a Fabry Pérot cavity motivating development of a dither-free technique exploit-

ing the always-present parasitic sum-frequency light. This locking protocol provided

a sixfold lower relative intensity noise and nearly five times less power fluctuation

than the dither-locked version, leading to successful modal filtering from 1150–1800

nm. The spectra of the filtered output were recovered using Fourier transform spec-

troscopy, with the 10-GHz comb mode spacings directly resolved optically. Through

linear regression, fCEO was found to be 565.7 MHz ± 64.3 MHz and frep was cal-

culated as 992.1 MHz ± 352 Hz. Individual comb mode values were identified with

high accuracy using the comb equation. This technique was verified with a het-

erdyne experiment between the Ti:sapphire comb source and a Rb-referenced CW

laser to which the FTS was referenced.

An alternative approach for visible wavelength generation was investigated using

a PPLN waveguide. Using a sample optimised for 1560 nm, 1.5 % of our coupled

degenerate OPO input was up-converted to second harmonic generation as well as

sum-frequency mixing and showed a good agreement with modelled results, provid-

ing confidence in the ability to use such simulations to design fully grating-engineered

PPLN waveguide for broadband conversion.
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Chapter 1

Introduction

1.1 Aims

Since the first astrocomb system demonstrated over a decade ago, the challenge

remains to maintain wide-mode-spacings while simultaneously, cover a broad wave-

length band required by the spectrograph. As part of the Extremely Large Telescope

– High Resolution Spectrograph (ELT–HIRES) UK consortium, my work in this the-

sis, approaches the challenge by using a Ti:sapphire-pumped doubly-resonant optical

parametric oscillator (OPO) as the source comb.

An OPO can extend the source comb wavelength coverage from the visible to

near-IR and produce an output with an enhanced bandwidth. When operating at

degeneracy, it can also maintain a fixed phase relationship with the source comb

such that a coherent comb output can be realised across a broad bandwidth. In

this thesis, I will show that such a system, with the addition of nonlinear fibres,

can provide an atomically-traceable, fully stabilised 1-GHz frequency comb system

across nearly two octaves from 500–2200 nm.

Residual noise from the dither-locking technique for the degenerate OPO could

hinder the next stage of the set-up with the Fabry-Pérot (FP) cavities. An alterna-

tive dither-free stabilisation approach can be achieved using the OPO sum-frequency

parasitic output and provide an output with sixfold lower relative intensity noise and

five times less power fluctuation compare to its dither-locked counterpart.

With a lower noise output from the OPO, modal filtering of the system can be

achieved using the FP cavities. 10-GHz wide modes spacing will be demonstrated

separately in visible region and the NIR region. An atomically-referenced Fourier

1



Chapter 1

transform spectrometer (FTS) can then be used to characterise the system’s output

and optically resolve the comb mode spacings. With the use of the comb equation

and linear regression, both fCEO and the frep values can be obtained with high accu-

racy along with each individual comb modes. The values can then be verified with

a heterdyne experiment between the Ti:sapphire comb source and a Rb-referenced

CW laser to which the FTS was referenced.

Lastly, a visible wavelength generation alternative will be investigated using a

PPLN waveguide. A sample optimised for 1560 nm will be used for coupling in

the degenerate OPO power, which can then be up-converted to second harmonic

generation as well as sum-frequency mixing. The result will then be compared with

the modelled results, providing a judgement in the ability of using such simulations

to design fully grating-engineered PPLN waveguide for broadband conversion.

1.1.1 Outline for Chapter 1

I begin this introductory chapter explaining our motivation behind this project -

which is to construct a suitable calibrator for the next generation high resolution

spectrograph, ELT-HIRES. It is then followed by an overview of the proposed future

science cases in the ELT–HIRES. A discussion of the conventional calibration meth-

ods used for astronomical spectrograph and their associated problems, and therefore

why laser frequency comb (LFCs) can be more suitable would be conducted. The

properties of frequency combs and ultrafast pulses are then presented before review-

ing existing astrocomb research and systems implemented to date. I then present

our approach with a Ti:sapphire pumped doubly resonant OPO and the rationale

for this. Finally, I summarise and outline the rest of the thesis.

1.2 Motivations

Spectroscopy is an essential tool for astronomers to obtain and make use of the

information from our night sky. Searching for extrasolar planets, characterising the

atmosphere of different stellar objects and even measuring the acceleration of the

universe will all be made possible with ultra-high resolution spectroscopy.

An essential feature of the ultra-high resolution astronomical spectroscopy is

2



Chapter 1

to detect the spectral lines shifts, in which, the most commonly used technique is

known as radial-velocity (RV). It measures the celestial body’s Doppler shift along

observer’s line of sight. The detection of small RV change over a period of time are

in particular of great interest to the scientific community. Consider an RV shift of

∆vr which would cause a shift in spectral line’s frequency f by ∆f :

∆f

f
= −vr

c
(1.1)

Therefore, with 500 nm (600 THz) wavelength as an example, a RV shift of 1 cm s−1

corresponds to a frequency shift of -2 MHz and a fractional frequency shift of -3.33

x 10−9. The RV techniques have been so essential to high resolution spectroscopy

that it is an convention to express all the shifts and uncertainties of the spectral

lines in m s−1, regardless of their origins [1].

When the spectrograph collects light from the night sky and separates it into

its constituent wavelengths onto the charge-coupled device (CCD), a wavelength

ruler with high precision is needed to calibrate the dispersed light from space, as

depicted in Figure 1.1 [2]. The ability of a spectrograph to distinguish between two

neighbouring wavelength components is known as resolving power, which is defined

as R = λ
δλ

, where λ is the wavelength and ∆λ is the spectral resolution element of

the spectrograph.

Conventionally, emission lamps or absorption cells are used for calibration, since

their known spectral lines are well associated with specific atomic transition fre-

quencies [3–5]. Although these methods have pushed the spectrograph calibration

precision to metres per second [6], their inherent limitations hinder the best at-

tainable precision, which is not enough for the range of science cases proposed for

the next generation high-resolution spectrograph. This has encouraged research on

new calibration approaches offering high stability, traceability and precision across

a broad wavelength range. Laser frequency combs (LFCs), which consist of a series

of laser modes, equally spaced in the frequency domain, could allow spectrographs

to reach cm s−1 precision. Since they were first proposed to be used in the cal-

ibration process in 2007 [7], different approaches of using a LFC as a calibrator

(astrocomb) have been investigated, including the use of solid-state lasers [8–14],

fibre lasers [15–19], micro-resonators [20, 21] as well as electro-optics combs [22–27].

3
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Several astrocomb systems are already in place and undergoing testing in telescopes

worldwide [8, 10–15, 17–25, 28, 29].

Figure 1.1: Overview of the High Resolution Spectrograph at the Southern African
Large Telescope (SALT). The spectrograph was designed for wavelength coverage
from 370–890 nm. Light enters the spectrograph through the entrance slit is colmi-
nated by the first primary mirror then incident onto the Echelle grating. The dis-
persed light is then reimaged through the primary mirror. The dichroic mirror,
which has a coating division at 550 nm, guides the blue end of the spectrum to the
blue camera and the other end to the red camera. [30].

1.2.1 The Extremely Large Telescope (ELT) – a case study

for future requirements

The planned research using the High Resolution Spectrograph (HIRES) in the Ex-

tremely Large Telescope (ELT) revolves around four themes: exoplanets, stars,

galaxies, and fundamental physics/cosmology. Some of the potential work under

these topics is briefly described in this section. A full discussion can be found in

[31]. These science cases each imply specific minimum criteria for the spectrograph

as summarised in Table 1.1.

One of the main purposes for the ELT–HIRES is to characterise exoplanets’

atmospheres through their chemical composition, weather and stratification. Indi-

vidual absorption lines of the atmosphere molecule bands can be detected, providing

the spectrograph has sufficient spectral resolution and signal-to-noise ratio to extract

the targeted atmospheric features. A wavelength coverage from 0.38 to 2.4 μm is

desirable to fully capture the features that are of interest. The majority of the giant
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planets discovered so far have an inflated size or a shortened orbital period around

their host star compared to Jupiter [31]. Astronomers are still searching for the

reasons behind these differences and for a model that would accurately describe the

orbital migration timeline of a planet. Characterisation of these explanatory atmo-

spheres is expected to reveal this information, allowing a greater understanding of

the architecture of extrasolar planets and the planets in our solar system [31].

Apart from hoping to extend our current understanding of the planets, the ut-

most goal is to find life signatures in outer space. An essential step towards that is

to recognise possible Earth-like candidates that are lying in a solar system’s habit-

able zone. Since the first planet discovered outside of our solar system 25 years ago,

intense research has been put into using the RV technique for detecting exoplanets.

As a planet orbits around its parent star, the comparatively small gravitational in-

fluence from the planet makes the star ”wobble” such that the centre of mass of the

star-planet system shifts slightly. Since the centre of the star orbits around the sys-

tem’s centre of mass, an observer on Earth sees a slightly red-shifted or blue-shifted

frequency emitted from the star over the planet orbiting cycle. Measuring the ra-

dial velocity of stars gives astronomers an insight into the planets orbiting them.

The combination of ultra-high resolution spectroscopy and RV technique has con-

tributed to the discovery of over 800 mostly Jupiter and Neptune-like planets [32].

To make these measurements for much smaller objects, such as Earth-like planets,

a calibration accuracy of less than 10 cm s−1 over a time scale of years is preferable

[31].

Maybe the most exciting challenges for the next generation spectrographs are

to investigate the fundamental physics and cosmology that go beyond the tradi-

tional field of astronomy. For example, an understanding and observation of the

fundamental constants such as the proton-to-electron mass ratio may provide us

with a peek into our universe beyond the standard model. This could potentially be

achievable in HIRES by detecting the transition lines of metals or gases of celestial

objects. The instrument will also allow us to look at the expansion of the universe

in real-time. Performing the Sandage-Loeb (SL) test through direct measurement

of the extremely small red-shifted drift of the spectra of Lyα forest of the distant

quasars would provide the first model-independent result. The rate is expected to
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be at a scale of 6 cm s−1 for a decade [31, 33]. These science cases would need

a wavelength coverage in the blue end of the visible region along with with high

resolution of around 80,000 to 100,000.

Table 1.1: Essential criteria for ELT–HIRES science cases [31]

Science Cases R λ (μm)
Accuracy
(ms−1)

Stability
(ms−1

per night)

Exoplanets

Atmospheric
characterisation

100,000 0.38–2.4 10 0.1

Planetary Debris
characterisation

100,000 0.37–0.5 Not critical Not critical

Orbital elements 100,000 0.4–0.9 0.1 0.1

Stars

Atmospheres 100,000 0.37–0.4 300 Not critical

Protoplanetary disk
and protostellar jets

100,000 0.38-2.5 1000 Not critical

Populations 30,000 0.48–2.4 1000 Not critical

Extragalactic
star clusters

15,000 0.4–2.4 1000 Not critical

Galaxy and cosmos

Near pristine gas
and reionisation

50,000 0.6–1.8 Not critical Not critical

3D mapping of the
IGM and metallicity

5,000 0.4–1.3 Not critical Not critical

Galaxy evolution 10,000 0.4–2.4 Not critical Not critical

Low mass black
holes

100,000 1–2.4 Not critical Not critical

Fundamental physics and cosmology

Fundamental
constants

80,000 0.37–0.67 2 2

Deuterium
abundance

50,000 0.37–0.7 50 Not critical

Sandage test 100,000 0.37–0.67 0.02 0.02
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Summarised from reference [31, 34, 35], the instruments’ requirements, and there-

fore also there of the ideal calibrator for the spectrograph, are:

1. A broad wavelength coverage, ranging from the blue end of the visible spectrum

to the near-infrared (NIR) region (0.40–1.80 μm), with a goal of 0.33–2.40 μm

2. A resolving power, R, matching the spectrograph such that one comb line is

available for every ∼2.4 resolution elements for calibration.

3. Full comb modes identification.

4. Uniform spectral intensity and comb spacing.

5. High precision (<10 cm s−1), high stability (1 cm s−1 over 10 years) and high

accuracy.

1.2.2 Conventional calibration approaches and their limita-

tions

Since the 1970s, two different conventional calibration methods have existed for

spectrographs based on Th-Ar lamps and absorption cells. The former method

requires a Th-Ar spectrum to be recorded simultaneously with the starlight and fed

to the spectrograph to provide a known wavelength reference. The second method

places an iodine absorption cell in the beam path before entering the spectrograph.

As the light from night sky passes through the cell where absorption occurs, the I2

lines are imprinted onto the stellar spectrum as a wavelength reference. This has an

advantage over the Th-Ar lamp as the absorption lines and the starlight travel to the

CCD through the same path; therefore, the systematic errors remain the same. Both

techniques have achieved a precision of around 1 m s−1 [6]. Unfortunately, that is still

not enough to meet the cm s−1 scale precision requirement of HIRES. An example

of the spectral lines generated from an LFC system and a Th-Ar lamp is shown

in Figure 1.2. The lines generated from the conventional method showed irregular

lines spacing, non-uniform line intensity and a lack of coverage in the infrared region.

Along with their ageing and shifting problems, these currently existing calibration

techniques are not enough for the next-generation spectrographs. On the other hand,

an LFC, can produce a long-lasting uniform comb (see Figure 1.2) with absolute

traceability, and is ideal as a frequency calibrator once the challenges with the mode

spacing and wavelength coverage are overcome.

7



Chapter 1

Figure 1.2: (a) A false-colour CCD image of the LFC system implemented alongside
a Th-Ar lamp at the Southern African Large Telescope (SALT) in 2016 [36]. (b) A
zoom in to the region with the Th-Ar lamp’s spectral lines at the upper row and
the LFC at the lower row.
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1.3 Fundamentals of frequency combs for astro-

photonics

1.3.1 Mode-locked laser

If the relative phase differences between the modes oscillating in a broadband laser

is fixed, it can produce ”ultrashort” pulses, which can have durations on the sev-

eral femtosecond scale, corresponding to one quadrillionth of a second. This can

be done by introducing amplitude or phase modulation inside the cavity either

actively through an acousto-optic (AOM)/ electro-optic modulator (EOM), or pas-

sively through a saturable absorber such as a semiconductor saturable absorber

mirror (SESAM). The optical Kerr effect, a χ3 nonlinearity, can also be utilised to

achieve mode-locking. In solid-state lasers this is implemented as Kerr-lens mod-

elocking (KLM). Since it was first realised in a Ti:sapphire laser, KLM has been

essential to ultrashort pulse production in many solid-state lasers, with limitation

to the pulse duration coming from the cavity group-velocity dispersion (GVD) and

the medium’s finite gain bandwidth [37]. The Kerr-lens effect can be described by a

relationship between the intensity I(t) of the pulse and the effective refractive index

(n) that the pulse experiences in the gain material:

n = n0 + n2I(t) (1.2)

Here, n2 is the nonlinear refractive index of the gain material. The equation in-

dicates that for a Gaussian beam shape the centre experiences a higher refractive

index than the beam edges, which then induces a self-focusing effect onto the beam.

To introduce KLM to the cavity, a hard aperture, through an actual aperture to

constrain the spatial size or a soft aperture forced by the overlap between the pump

and the resonant beam is formed such that pulse generation is favoured more than

the CW oscillation [38]. As all of the allowed modes in the cavity see a simultaneous

gain, pulsing is initiated.
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1.3.2 Frequency combs and its parameters

Because of the pulses’ duplicability from a mode-locked laser, the pulses’ envelope’s

amplitude is periodic. Considering only temporal properties of the pulse, the electric

field is given as [39]:

E(t) = Re{A(t) exp(−iωct+ φ(t))} (1.3)

Here, ωc = 2πfc where fc is the carrier frequency of the pulse and A(t) represents the

coupled envelope amplitude. φ(t) is the temporal phase, which contains information

about the instantaneous frequency of the pulse:

ω(t) = ωc −
∂φ(t)

∂t
(1.4)

Equation 1.2 can be expressed in a Fourier series

E = Re{
∑
n

An exp(−2πi(fCEO + nfrep)t+ φ(t))} (1.5)

Where n is a large number, known as the mode order and An are the Fourier

components of A(t). This illustrates that the pulse sequence is a combination of a

series of comb modes separated by a repetition rate, frep. Figure 1.3 illustrates the

transformation between the two domains.

The pulse can be described as a slowly varying envelope with an underlying fast-

moving carrier wave in the time domain. The dispersion and the nonlinear effects

inside the laser cavity cause different mode components to have different phase

velocities. As the pulse passes through each round trip, a phase change is introduced

to the carrier wave. Such a phenomenon is illustrated in Figure 1.3a: the carrier

field ( solid lines) and envelope (dotted lines) change by a constant relative phase,

δφ. This is also known as the carrier-envelope phase (CEP) slip. In the frequency

domain (shown in Figure 1.3b), this value δφ causes a shift of the entire combs

by an offset frequency known as carrier-envelope offset (CEO), fCEO = δφ/2πT .

Therefore, the corresponding comb of the nth longitudinal mode can be described

by:

fn = nfrep + fCEO (1.6)
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With the repetition rate expressed as,

frep =
c

Leff
(1.7)

where Leff is the laser’s effective roundtrip cavity length, which takes into account

the cavity dispersion [40]. This is also known as the comb equation.

Figure 1.3: Time domain and frequency domain representation of pulses from a
modelocked laser.

1.3.2.1 Stabilization of the Comb parameters

Both carrier-envelope offset frequency, fCEO and repetition rate, frep are dynamic

values. fCEO can be affected by any non-linearity and environmental perturbation

while frep can be affected by instantaneous change of the cavity length. Stabilising

both values to a well-defined atomic reference is often needed to obtain a series of

traceable and stable frequency combs that can be used as a calibrator.
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Carrier-envelope Offset Frequency Methods of locking the fCEO have been in-

vestigated in both the time domain and the frequency domain [41–43]. The former

has been proven to be very difficult as it is easily affected by inner cavity perturba-

tions [41]. Conversely, stabilisation in the frequency domain using the fCEO value

obtained through self-referencing techniques has been shown to be quite a success

[39, 41, 44, 45]. Often the frequency comb can be locked directly to a continuous-

wave (CW) laser [46]. However, such an approach has some disadvantages as the

technique relies on the CW laser’s stability. Alternatively a self-referencing ap-

proach using an f-to-2f interferometer is more commonly applied, as demonstrated

in [41, 45], which involves using nonlinear processes to extend the laser’s optical

spectrum so that it spans an optical octave and includes frequencies fn, 2fn and

f2n (see Figure 1.4). After spectral broadening in a nonlinear medium such as a

photonic crystal fibre (PCF), it is possible to generate frequencies at f2n as follows:

f2n = 2nfrep + fCEO (1.8)

If the fn modes are frequency doubled in a nonlinear crystal,

2fn = 2nfrep + 2fCEO (1.9)

The two frequency components, 2fn and f2n are very close to each other with a

different offset frequency. Beating them together on an avalanche photodiode (APD)

through heterodyne mixing gives the carrier-envelope offset frequency,

2fn − f2n = fCEO (1.10)

The fCEO beat will lie between 0-Hz and frep
2

.

The CEO frequency of the comb system can be referenced to a microwave fre-

quency standard and stabilised through a feedback loop system. A detailed descrip-

tion of the method and the electronics is presented in Chapter 3.4.4.
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Figure 1.4: Illustration of the principle behind f-to-2f interferometer

Repetition rate Repetition-rate locking is more straightforward than the CEO

stabilisation, as the value can be directly observed after focusing a small amount

of the laser light on a high-speed photodiode. As mentioned before, frep is directly

correlated to the cavity length; it can be stabilised to a Rb frequency reference with

a feedback loop continually monitoring and adjusting the position of one of the laser

cavity mirrors. Locking mechanisms and electronics are presented in Chapter 3.4.5.

1.3.3 Ultrafast pulses dynamics

Dispersive effects affect the pulse both temporally and spectrally. It is therefore im-

portant to understand their origins, their effects on the pulses, as well the correction

methods available.

1.3.3.1 Dispersion

The sources of dispersion in a medium can come from its geometric structure as

well as the material itself. Material dispersion come from the frequency-dependent

refractive index, n(λ). It determines how fast the electric field travels in a medium,

and therefore leads to variations of velocities for different frequency components of

the field. This parameter can be calculated using the Sellmeier equation for the

specific material and used to determine the frequency-dependent phase across the
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pulse. This phase describes how the pulse behaves temporally, for example how it

becomes chirped, as shown in Figure 1.5.

To get a picture of the effects that dispersion has on pulses, the phase behaviour

in frequency domain must be inspected. Fourier transforming Equation 1.2 yields a

spectral amplitude:

A(ω) = |A(ω)| exp(iϕ(ω)) (1.11)

Here, ϕ(ω) is the spectral phase that can be expanded in Taylor series around the

centre frequency ω0,

ϕ(ω) = ϕ0(ω0)

+ (ω − ω0)ϕ1(ω) (1.12)

+
1

2
(ω − ω0)2ϕ2(ω)

+
1

6
(ω − ω0)3ϕ3(ω)

Where, for the mth order,

ϕm(ω) =
∂mϕ

∂ωm

∣∣∣∣
ω

(1.13)

The first item in Equation 1.12 represents the absolute phase, which is the phase

of the pulse that accumulates at the central frequency, ω0. This imposes no effect

on the shape of the pulses. The second element includes a first order differential

term, it describes the linear variation of the phase with the frequency, which is

also known as group delay, τg. It illustrates a time delay in the pulse due to the

frequency difference. It is also related to another important parameter known as

group velocity, vg, which corresponds to the velocity of the pulse envelope in the

medium with length L. It is represented as:

vg =
∂ω

∂k
=
L

τg
(1.14)

Higher order terms affect the pulse shape. The term ϕ3(ω) is described as:

ϕ2(ω) =
∂2ϕ

∂ω2
=
∂τg
∂ω

(1.15)
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Which is also known as group-delay dispersion (GDD). It has units of fs2 and indi-

cates how the group delay relies on frequency. The differential term of the fourth

item is the third-order dispersion (TOD). It describes the dispersion slope in fs3

Figure 1.5: Effect of disperson on pulses when (a) there is no dispersion, (b) ϕ0 < 0
where phase is shifted under the envelope. Both (c) ϕ1 < 0 and (d) ϕ1 > 0 show the
pulses shifted from its original position the pulse shape kept the same, e) ϕ2 < 0
anomalous dispersion where the blue end travel faster than the red end, (f) ϕ2 > 0
normal dispersion which is opposite of what happened in (e).

Good control of the dispersion in the cavity such that it is generally flat across

the bandwidth is important for producing and maintaining ultrashort pulses. Prac-

tical expressions of the dispersion that pulses experience within materials with a

wavelength-dependent refractive index n are shown in Table 1.2.
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Table 1.2: Dispersion terms in refractive index notation

Dispersion term Refractive index notation
Phase velocity

vp =
c

n
(1.16)

Group velocity

vg = c(n− λdn
dλ

)−1 (1.17)

1st order dispersion
(Group delay) τg =

L

c
(n− λdn

dλ
) (1.18)

2nd order dispersion
(Group delay disper-
sion)

dτg
dω

=
λ3L

2πc2

d2n

dλ2
(1.19)

3rd order dispersion
(Third order disper-
sion)

d2τg
dω2

=
−λ4L

4π2c3
(3
d2n

dλ2
+ λ

d3n

dλ3
) (1.20)

1.3.3.2 Time–bandwidth Product (TBP)

A convenient way of checking whether a pulse is chirped is by calculating its time

bandwidth product (TBP). Related to the uncertainty principle, the TBP relates

the frequency width of the pulse to its duration. It defines the shortest possible

pulse duration (full-width half-maximum, FWHM), ∆τ , for a given spectral shape

with a FWHM bandwidth of ∆v. For example, the product of ∆τ∆v = 0.315 for a

sech2 pulse while ∆τ∆v = 0.44 for a Gaussian pulse. If the TBP of a pulse matches

these value and its spectral shape, it is known consistent as transform-limited pulse.

If it is higher, then the pulse is chirped.

1.3.3.3 Dispersion in optical fibre

The corresponding phase term in optical fibre is represented as a propagation con-

stant β(ω). It indicates the phase shift per unit distance as the field propagates.

β(ω) can also be expanded in the same manner as Equation 1.12. Often the GDD

value from β2 is the primary indication of how the pulse has been affected by the

dispersion in the fibre: when β2 > 0 that indicates normal dispersion where the low
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frequencies travel faster, for β2 < 0 it is known as anomalous dispersion such that

low frequencies travel slower. For spectral broadening effect in optical fibre, anoma-

lous dispersion plays as an essential role, while TOD is one of the reasons behind

ultra-broadband generation in optical fibre [47]. More detail on spectral broadening

in optical fibre is described in Chapter 3.

1.3.3.4 Dispersion compensation approaches

Researchers have used several methods for controlling a pulse’s GDD, including

prism pairs, chirped mirrors with a special coating as well as Gires–Tournois Inter-

ferometers (GTI). The former method utilises the geometry of the prisms to offset

the delay between different frequency components. The latter two are specially made

dispersive mirrors which have GDD values opposite to the dispersion of the pulse.

1.3.4 Characterising ultrashort pulses

A practical understanding of the output pulse properties is crucial for further utilis-

ing them for different applications; however, the problem with trying to observe an

ultrashort pulse temporally is that there is no direct measurement method available

in this kind of timescale since the response times of the fastest detectors are much

slower and the shortest event is the pulse itself. Therefore, approaches referencing

an replica of its own pulse is often used for pulse measurement. Three of the most

commonly used techniques are: frequency-resolved optical gating (FROG), spectral

phase interferometry for direct electric-field reconstruction (SPIDER), and autocor-

relation [48]. Since the later one is the approach used in this thesis, it is discussed

in detail while the information of the first two methods can be found in [48, 49].

1.3.4.1 Autocorrelation

Autocorrelation is the oldest pulse characterisation technique that has been de-

veloped which can be used for pulse temporal characterisation. It is widely used

because of its comparatively simple optical arrangement and data analysis. It is

fundamentally based on a Michelson interferometer. Two standard set-ups for an

autocorrelator are shown in Figure 1.7.
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Figure 1.6: Illustration of two different autocorrelation set-ups: (a) Intensity auto-
correlation and (b) interferometric autocorrelation.

In both cases, a test pulse is sent into the interferometer and split into two

identical daughter pulses through the beamsplitter. These then travel through two

different paths, with one length being fixed while the other one being can be scanned

by a movable mirror. As the two daughter pulses are reflected from the beamsplitter,

they are focused on a nonlinear SHG crystal. Since the better the overlap in time

is for the two pulses, the stronger the SHG signal is, the output from the crystal,

which a photodiode can measure, shows intensity which is a function of the time

delay between the pulses. The pulse duration can be then be extracted from the

FWHM of the traces with a conversion factor dependent on the pulse shape [50].

Depending on how the two daughter pulses are focused onto the crystal and which

of the signals has been detected, there are two types of autocorrelation: intensity

and interferometric autocorrelation.

Intensity autocorrelation Figure 1.7a) shows a set-up for an intensity auto-

correlator: the two daughter pulses are focused on the crystal at different angles.

Because of the momentum conservation (see Figure 1.7), only the cross-term be-

tween the two daughter pulses will travel in a direction allowing it to be detected by

a photodiode. The signal produced in the crystal is the product of the input light

fields:

Esig(t, τ) ∝ E(t)E(t− τ) (1.21)
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The output signal from the SHG crystal has a quadratic dependence on the parent

fields, as both daughter pulses come from the same input. If the time delays are

longer than the pulse duration, then the mixing signal output will become zero; that

is why this approach is also said to be ”background-free”. The intensity detected

on the photodiode is:

S(τ) ∝
∫ ∞
−∞
|E(t)E(t− τ)|2dt =

∫ ∞
−∞

I(t)I(t− τ)dt (1.22)

This gives access to the autocorrelation function of the intensity envelope of the

parent pulse. However such traces are time-averaged and contained limited infor-

mation about the pulse. A chirped pulse would give a broadened signal and the

amount of chirp can be calculated as the transform-limited duration of the pulse

can be obtained through the TBP.

Interferometric autocorrelation In an interferometric AC, the two daughter

beams are spatially overlapped when they recombine at the beamsplitters and travel

collinearly towards the lens for focusing into the crystal. Although the pulses are

identical but there is a time delay between them. After exiting the interferometer,

the daughter pulses are then focused onto the SHG crystal. With a filter remaining

the fundamental frequencies, the amplitude of the output therefore contains all the

second harmonic terms of each of the daughter pulses and the cross terms:

S(τ) =

∫ ∞
−∞
|E(t) + E(t− τ)|4dt (1.23)

S(τ) =

∫ ∞
−∞
|E2(t) + 2E(t)E(t− τ) + E2(t− τ)|2dt (1.24)

The cross-term 2E(t)E(t− τ) expression is the output detected in the intensity au-

tocorrelation, with the E2(t) and E2(t− τ) terms coming from the SHG of each

individual pulse. The interference of those terms creates the additional information

in the AC that is not present in the intensity autocorrelation, yielding an inter-

ferogram. Therefore, even if the daughter pulses are not temporally overlapped,

the signal would not be zero because of the SHG present from each of the daugh-
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ter pulses. With a filter blocking the fundamental frequencies, the signal on the

photodiode is:

S(τ) =

∫∞
−∞ |E(t) + E(t− τ)|4dt

2
∫∞
−∞ |E(t)|4dt

(1.25)

When there is no delay between the daughter pulses (τ=0), the signal AC trace

is:

S(τ) =

∫
|2E(t)|4dt

2
∫
|E(t)|4dt

=
16

2
= 8 (1.26)

For increasing delay values, such that τ → ±∞,

S(τ) =

∫
|E(t)|4dt+

∫
|E(t)|4dt

2
∫
|E(t)|4dt

= 1 (1.27)

Therefore, an interfermetric autocorrelation trace has a contrast ratio of 8:1. If the

pulse is chirped, the trace will become distorted, the shape of the upper and lower

envelopes will then be changed, allowing a chirped pulse to be identified through

the shape of the trace.

Figure 1.7: Interferometric autocorrelation trace of a 15 fs Gaussian pulse centred
at 0.800 μm.

Through Fourier analysis, the pulse duration can be obtained. Along with the

time-bandwidth product, an estimation of the GDD of the pulse can be achieved.

However, the type of dispersion can not be reflected through the trace.
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Autocorrelation without using a nonlinear crystal All of the methods that I

have so far described utilised a nonlinear crystal. A more convenient way of finding

out the pulse duration based on interferometric autocorrelation was developed in

[51]. It has a similar setup to the autocorrelator mentioned above but without the

nonlinear crystal. This removes the constraint imposed by the phase matching of

the nonlinear crystal. The photodiode used for detecting the signal must be made

from a material with a bandgap larger than that of the target photon wavelength,

hc/λ, while smaller than twice this value, such that two-photon absorption may

happen. The electrical current produced is quadratically dependent on the input

power, providing the equivalent performance to SHG. This method for diagnosing

the pulse duration was used in this thesis work.

1.4 Broadband laser frequency comb sources for

astronomy

1.4.1 Considerations

The criteria of an ideal calibrator for an astronomical spectrograph depends directly

on the research aims. For ELT–HIRES, they mainly surround the following four

themes: 1. wavelength coverage; 2. resolving power, R ; 3. precision, accuracy and

stability; 4. traceability [31, 34]. Here, I discuss the specifications and development

under each of these topics, along with a brief review of the existing astrocomb

systems already developed in the field.

1.4.1.1 Wavelength coverage

ELT–HIRES target a wide range of science cases, requiring a continuous wavelength

coverage of nearly 2 μm from the ultraviolet to infrared region. Most of the existing

astrocomb systems are either in the infrared region or in the visible region [8, 12, 14,

15, 18, 52]. Considering that the source combs in most of these systems have limited

bandwidth and wavelength coverage, making use of efficient wavelength conversion

in nonlinear media is often necessary required so that different wavelength ranges

can be accessed. Second harmonic generation (SHG) is possible through nonlinear
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crystals such as BBO, LBO, or PPKTP for accessing the higher frequency end [11,

12, 15, 17, 19, 26]. Supercontinuum generation (SC) in photonic crystal fibre (PCF)

or highly nonlinear fibre (HNLF) is often utilized to obtain a broader wavelength

coverage [13, 14, 16–20, 22–24, 26, 53]. Most of the demonstrations using SC have

only covered either part of the NIR, IR or visible. Recently, development in related

technology shows the promising potential of covering the entire bandwidth needed for

a spectrograph. In 2018 the Steinmetz team from Menlo Systems [54] constructed

a 100-MHz ultra-broadband combs system from 0.45 μm to 2.4 μm, with SC in

tapered PCF using a frequency doubled output from a 1.5 μm Er:fibre source comb.

However, the degrading problem with silica-based fibre when pumping with a high

power laser in the visible region can still be a problem, as it limits the maximum

usable hours to a few hundred [55].

In the past few years, an alternative method with photonic chip-integrated

waveguides has also emerged as a mean for extending wavelength coverage [20,

21, 25, 26]. The ability to tightly confine the input light has highly increased the

χ(2)/χ(3) nonlinearity efficiency. Along with the tailorable dispersion from their

lithographical construction, such waveguides have tremendous potential for ultra-

broadband wavelength coverage [56]. In 2019, an electric-optic comb using silicon

nitride (SiN) waveguide wavelength for broadening was implemented in Habitable

Zone Planet Finder spectrograph of the Hobby–Eberly Telescope in the USA [25]. It

successfully extended a 50 nm bandwidth of electro-optic (EO) comb input to 1000

nm, demonstrating a wavelength coverage from 0.6 μm to 1.6 μm. Meanwhile, blue

end coverage extended to below 0.4 μm was also shown in a laboratory environment

through wavelength conversion from NIR to the visible spectrum. The triple-sum-

frequency generation followed by SC was demonstrated in a SiN waveguide with an

EO source comb [27].

Another approach for creating an ultra-broadband wavelength coverage, which

is not yet demonstrated in an astrocomb system, is to utilise both SC and a syn-

chronously pumped degenerated optical parametric oscillator (OPO) simultaneously.

The degenerate OPO allows access to twice the source combs wavelength with broad

bandwidth and high power output. Along with SC, this arrangement could poten-

tially provide coverage in the visible part and the IR coverage. This approach, which
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is also included as part of the ELT–HIRES proposal, is the foundation of this thesis

work.

1.4.1.2 Resolving power

Apart from covering the wavelength range of interest, it is also essential for the

calibrator to have a resolving power, R, complementing the spectrograph. The

observed light and the calibration combs are fed into the spectrograph and recorded

side by side on a CCD camera. The comb lines on the CCD are like a frequency ruler.

To comprehend the light from the sky, the comb lines must be individually resolvable

from each other while at the same time having an appropriate mode spacing in-

between. A high precision spectrograph typically requires R>> 10,000; some science

cases require a resolving power R as high as 150,000 (see Table 1.1). As stated in

[7], HIRES aims for a comb line with every 2.4 resolution elements, indicating the

optimal calibrator spacing would be of GHz values. Since R = λ
δλ

(where λ being the

wavelength of the light, and δλ is the spectral resolution of the spectrograph), the

spacing of the lines of the comb change along with the incident light wavelength:

for starlight leaning towards the blue end, a higher spacing between comb lines

(> 15-GHz) is needed, while the lower frequency end has a lower mode-spacing

requirement(6–10-GHz) [57]. There are commercially available combs systems with

80-MHz, 250-MHz, 1-GHz and 10-GHz [58–61]. Higher repetition rates with broad

spectral coverage have been demonstrated in a lab environment, but stability is still

a problem [62]. Apart from microresonator combs and electro-optic (EO) combs

where the wide mode spacings between combs lines can be directly modulated, the

typical approach for achieving a wider mode spacing between comb modes is to use

a Fabry-Pérot cavity (FPC).

As shown in Figure 1.8, a FPC consists of a pair of high reflectivity parallel

mirrors, where the output comb’s mode-spacing can be selected by adjusting the

distance between the mirrors. Practical uses of an FPC in a spectrograph are often

made more complicated by the mirrors’ coating limitation and the ultra-broadband

requirement. It is impossible to cover the entire bandwidth with only one FPC while

maintaining a high side bands suppression. Some researchers approached this prob-

lem by setting up the filtering process before the nonlinear broadening. Therefore,
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Figure 1.8: Illustration of mode filtering using FP cavities for filtering the source
combs to higher repetition rate.

a high finesse FP can be managed with a narrow bandwidth that only requires to

filter the source combs. The disadvantage of this method is that the filtering pro-

cess severely reduces the pulse energy and hinders the subsequent nonlinear spectral

broadening process. In order to optimise the wavelength coverage, it is proposed for

HIRES to first generate the ultra-broadband coverage and then filter. By splitting

up the broadband wavelength requirement into different regions and using multi-

ple high-finesse filter cavities for each wavelength portion, the pressure of fulfilling

broadband filtering requirement in an FPC can be reduced [34].

1.4.1.3 Traceablilty and stability

To provide traceable calibration to the spectrograph with high precision, it is neces-

sary to identify the frep and fCEO along with each of the comb modes’ frequencies.
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Ambiguity arises with the astrocomb system using an FPC to determine which of

the comb mode subsets have been filtered from the denser source comb, as any of the

subsets have the appropriate free spectral range (FSR). For narrow bandwidth, this

problem can be solved by locking (or beating) one of the comb lines with a CW laser

which is stabilised to an atomic transition to provide absolute traceability, therefore

the frequency of the subset can be calculated. However, for a broadband system,

which potentially would need to employ several FP cavity sets, finding a suitable

broadband reference source is impossible. Another approach to this problem is to

retrieve the comb mode positions through atomically-referenced Fourier transform

spectrometer directly, and with further data analysis, the comb mode positions can

be obtained with accuracy (see Chapter 5).

1.4.1.4 Spectral flattening

To ensure high precision and accuracy achieving uniformity in the comb’s spectral

intensity and line spacing is also important. Nonlinear processes which are often

used in astrocomb systems create a structured envelope modulating the comb teeth.

Care is needed to maximise the incident signal onto the CCD, while at the same

time avoiding saturation, and so spectral flatness is essential. As demonstrated

in [63], broadband intensity shaping can be achieved by inserting a spatial light

Modulator (SLM) at the image plane of a grating spectrometer. The first-ever

spectral flattening module was installed in the HARPS in 2018.

1.4.2 Candidate laser technologies

Early astrocomb system’s source combs are mostly fibre lasers or solid-state lasers.

Microresonator combs and electro-optic combs based on CW lasers emerged in the

past few years, opening up an alternative regime with a compact astrocomb system.

In this section, I brief review the systems based on these four comb technologies.

A summary of all of the astrocombs developed so far is provided in Table 1.3 and

Figure 1.10.
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1.4.2.1 Fibre Laser Sources

Frequency combs based on fibre lasers are well known for their compactness,

easy-to-use operation, and easy-to-maintain long-term stability, which are desir-

able qualities for the observatory staff who do not necessarily have prior training

with lasers [36]. However, the relatively narrow bandwidths and low power outputs

(∼100mW), plus the lack of high-repetition-rate fibre lasers commercially available,

means extra effort is needed for such systems used in astrocomb. The recent de-

velopment of high repetition rate fibre lasers in a laboratory with good stability

indicated potential in the future [64].

Generally, in a fibre laser-based astrocomb system, filtering comes first before

the spectral broadening step. Amplification and compression stages of the pulses are

needed to generate enough power for the nonlinear stage. So far, most of the demon-

strated systems are based on Menlo System products, a company based in Germany.

They provide 250-MHz Er:fibre and Yb:fibre lasers used in several telescopes around

the world, including the first telescope-installed astrocomb system in the German

Vacuum Tower Telescope (VTT) by Steinmetz et al. [8]. That experiment used a

Rb-atomic-clock-locked 250-MHz Er:fibre laser as the source comb entering a FPC,

producing an output with 15-GHz mode spacing. The comb lines were locked to

a continuous-wave laser with the use of a wavemeter for subset identification. The

system was then used as the calibration source for a solar telescope and recorded

along with a section of the Sun’s photosphere, which showed it is excellent as a

calibrator compared to conventional techniques.

Two years later, another collaboration between Max-Planck-Institute of Quan-

tum Optics and Menlo Systems resulted in installing a 250-MHz Yb:fibre laser in the

HARPS spectrograph [15]. This system was the first used to study the orbit of an

exoplanet. The system consisted of two to four cascaded FP cavities that provided

a mode spacing of 18-GHz. A CW laser locked to the comb was used to lock the

etalons’ cavities. This system was later frequency-doubled with an LBO crystal and

spectrally broadened using a tapered PCF, giving a broadening of 100 nm. How-

ever, while testing using a Thorium lamp, the same uncertainties were obtained,

implying that further investigation still needed to identify the limiting factors of

the calibration system [19]. Several systematic errors, such as the fibre coupling
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process, were found in a similar Yb:fibre system installed on VTT telescope in 2011

[17]. In 2015, HARPS updated its system with similar architecture but keeping the

15-GHz mode spacing. This system was able to repeat measurements within 1 cm−1

precision for a few hours but no further because of the problems from the spectro-

graph transmission fibre and channel cross-talk [65]. A more compact system with

a wider mode spacing (25-GHz) and a broader spectrum was later used in Fiber

Optics Cassegrain Echelon Spectrograph (FOCES) and installed at the National

Astronomical Observatory of China [66].

Apart from the team in Germany, researchers at NIST in the USA have also

constructed fibre-based astrocomb systems. In 2010, they reported a 12.5-GHz

Er:fiber laser comb covering 1380–1820 nm. They used two pairs of high finesse with

F=2000 FP based on curved mirrors instead of standard plane mirrors. This allowed

the offset of higher-order spatial modes in FP from the primary transmitted spatial

mode, while high sidemodes suppression of over 38 dB was achieved for a single

cavity pass. Amplification and pulse compression through a pair of semiconductor

optical amplifiers was immediately followed after the first FP cavity to increase the

peak power for nonlinear broadening in a 50 m HNLF after the filtering. A similar

system by the same group was installed in 2012 at the pathfinder spectrograph on

the Hobby-Eberly telescope in Texas with a mode spacing of 25-GHz. It achieved a

velocity precision of 10 m s−1. This system was later installed with an extra pair of

etalons to be filtered to 30-GHz in the IR region [67].

Researchers from multiple institutes in Italy implemented a 16-GHz Er:fiber

laser-based astrocomb system in GIANO spectrograph of the Telescopio Nazionale

Galileo (TNG) in Spain. They used two pairs of FP cavities for mode filtering a

100-MHz comb source, with HNLF broadening followed by amplification stages.

A year later, M. T. Murphy et al. tested an astrocomb system in Ultra-High-

Resolution Facility spectrograph at the Anglo-Australian Telescope with a very high

R of 940000. The comb started with a lab-built Er:fiber laser which was filtered by

a pair of FP cavities. They showed that such LFC calibrator could also be used for

intra-pixel sensitivity (IPS) variations measurement for the spectrograph CCD [68].
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1.4.2.2 Solid-State Laser Sources

To date, all of the solid-state laser astrocomb systems use Ti:sapphire laser, because

of its ability to be constructed to produce short pulses, Watt-level power, along

with a high repetition rate. Although intense lab-based research on various high

repetition rate solid state laser is also ongoing, high repetition rate Ti:sapphire

lasers are already commercially available. With a higher repetition rate to start

with, the filtering process is easier, because of a lower finesse requirement on the FP

cavities. The short pulse with high power also requires no amplification before the

nonlinear broadening, in contrast to fibre-laser-based comb systems. The approach

in Ti:sapphire laser astrocombs usually has an arrangement opposite to those in

fibre laser. The comb goes through the nonlinear processes first, then enters the

filtering cavities.

The first proof of concept astrocomb experiment was done by Li et al. at Har-

vard University shortly after Murphy proposed such a method in his paper in 2007

and used a 1-GHz Ti:sapphire laser [69]. This particular laser spectrum was octave-

spanning, allowing direct locking of the source combs’ carrier-envelope offset fre-

quency. The system consisted of a FPC made from a pair of group delay dispersion

(GDD) optimised mirrors, resulting in a comb system with mode spacing tunability

up to 40-GHz. A similar approach was also demonstrated in another group in NIST

by A. J. Braje in 2008.

Harvard’s group later in 2010 presented a 50-GHz visible astrocomb from 400

- 420 nm; this blue region was generated by a frequency doubling a BBO crystal,

followed by passing it through a Fabry-Pérot cavity. This, along with the red astro-

comb demonstrated in 2007, was then installed on the Tillinghast Reflector Echelle

Spectrograph (TRES) and Fred Lawrence Whipple Observatory (FLWO) in Ari-

zona. This was used for repeat calibration over several weeks on the 1.5m telescope

in FLWO and the TRES spectrograph, enabling enough precision and stability to

detect RV shifts less than 1 ms−1 [12].

The same group installed a green astrocomb system a year later on the HARPS-

N spectrograph in the Canary Islands [13]. A tapered PCF was used to broaden

the spectrum, resulting in a coverage from 500 - 620 nm. The mode spacing was

16-GHz after two FPCs. The finesse of the FPCs used (F=100) was comparatively
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low compared to those used before (F=200), but with higher sidemode suppression

by using double the number of FP cavities [14]. This system was locked to a GPS

standard, showing a RV precision of less than 10 cm s−1.

In 2016, McCracken et al. implemented a 15-GHz visible light system on the

10m Southern African Large Telescope (SALT). Again a 1-GHz Ti:sapphire laser was

used as the source comb, with a pair of etalons for filtering a 15-GHz mode spacing.

Through locking to Rb cell transition and the use of supercontinuum generation

from a PCF, the demonstration allowed the first full calibration of the red channel

of the HRS spectrograph on SALT [52].

The most recent research of Ti:sapphire based astrocomb was published ear-

lier this year by academics from Japan and Korea [70]. A home-made 1.6-GHz

Ti:sapphire laser was used alongside PCF and FP cavity to build a 43-GHz astro-

comb from 530 to 560 nm. The system was installed at High Dispersion Echelle

Spectrograph (HIDES) of the National Astronomical Observatory of Japan (NAOJ)

and achieved a radial velocity precision of 1.4 m s−1.

1.4.2.3 Electro-optic combs

Frequency comb generation through phase-modulation of a single frequency CW

laser is known as an electro-optic (EO) comb. The output wavelength of a fre-

quency comb generated in such a manner is centred around the cw laser frequency,

while the modulation frequency provides the repetition rate. This method provides

freedom in choosing these two properties independently, and an advantage that the

comb’s spacing can be directly set to match the spectrograph’s resolving power with-

out further filtering cavities. However, pulses through the modulators are usually

chirped, and its bandwidth is only of nanometer scale, so further spectral broaden-

ing and dispersion control with a fiber-Bragg grating or pulse shapers is needed [71].

To make sure the output pulses are good enough for the spectral broadening stage

with nonlinear media, further steps with amplification and pulse compression are

installed to generate pulses in femtosecond scale. With the source laser referenced

to an atomic clock for absolute traceability, EO systems can generate astrocombs

covering over 1000 nm into NIR [26] using relatively compact and straightforward

set-ups. This has attracted more interest to EO combs in the past few years. An
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early demonstration of the EO comb was done in the NASA Infrared Telescope

Facility (IRTF) in 2014 [22]. A comb at the W. M. Keck observatory (Keck) 10-m

telescope, constructed entirely from commercial off-the-shelf components, has shown

suitability for short-term measurement [23]. Recent implementations of EO comb

on the GIANO-B (Telecopio Nazionale Galileo, TNG) [24], and HPF spectrograph

(Hobby-Eberly Telescope, HET) [25] showed a precision of less than 10 cm s−1. The

ultra-stable permanent implementation as a calibration for the HPF instrument al-

lowed an RV precision of 1 m s−1 in stellar observation, compatible with Earth-like

planet detection around M-dwarf stars. Problems of using the EO comb arise from

the phase noise induced to the comb lines by the microwave frequency driven phase

modulator, which can lead to noise manifesting in the wings of the spectrum centred

at the laser wavelength [22, 55]. Kashiwagi et al., who implemented an EO comb for

Subaru Telescope, used an etalon for the comb before the amplification and spec-

trum broadening for phase noise suppression and successfully obtained high-contrast

comb lines[22]. Another disadvantage of using EO is the lack of development in the

visible region; however, researchers in Geneva have found a way around this by us-

ing sum-frequency generation and a silicon nitride (Si3N4) waveguide, and achieved

a wavelength coverage between 400 nm to 600 nm while maintaining the NIR EO

comb [27].

1.4.2.4 Microresonator comb

In recent years, the discovery of temporal dissipative Kerr solitons (DKS), where

anomalous dispersion and Kerr nonlinearity of the pulses are held in balance, al-

lows the generation of low-noise, ultra-fast frequency combs in chip-based microres-

onators. High finesse, small modal cross-section cavities allow efficient nonlinear

conversion to happen inside the resonator. A typical system is composed of a

narrow-linewidth CW laser pumping a chip-integrated resonator with output comb

lines spacing determined by the cavity’s size. Since they are usually millimetres to

micrometres size, their free-spectral range (FSR) can be from many GHz to a few

THz, therefore further filtering is not needed with a microresonator comb [55].

Two microresonator combs have been implemented in two different near-infrared

astronomical spectrographs, first at the NIRSPEC of Keck-II telescope and second
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at the GIANO-B of TNG. [20, 21]. While both systems showed calibration precision

at a radial velocity scale of m s−1, their wavelength coverages were comparatively

narrow in regard to the high-resolution spectrograph requirement. Wavelength ex-

tensions into the infrared range and visible regions were demonstrated in the lab-

oratory after exploiting the waveguide geometries for enhancing DSK phenomena,

and nonlinearities [72, 73].
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Table 1.3: Review of the existing astrocomb

Year Ref. Source comb λ (μm) ∆f
(GHz)

Spectrograph/
Telescope

Technique

2008 [69] 1-GHz fs LFC 0.60–1.20 40 / A
2008 [8] 250-MHz

Er-fibre laser
1.53–1.60 15 VTT A

2008 [9] 1-GHz
Ti:Sapphire laser

1.00–2.20 30 / A

2010 [10] 1-GHz
Ti:Sapphire laser

0.78–0.88 30 TRES A

2010 [15] 250-MHz
Yb-fibre laser

0.513–0.517 18 HARPS E

2010 [11] 1-GHz
Ti:Sapphire laser

0.40–0.42 51 TRES B

2010 [16] 250-MHz
Er-fibre laser

1.38–1.82 12.5 / D

2012 [17] 250-MHz
Yb-fibre laser

0.48–0.64 5.445 HES -VTT F

2012 [18] 250-MHz
Er-fibre laser

1.45–1.70 25 Pathfinder D

2012 [19] 250-MHz
Yb-fibre laser

0.44–0.60 18 HARPS F

2012 [12] 1-GHz
Ti:Sapphire laser

0.78–0.88,
0.40–0.42

50 TRES B

2014 [13] 1-GHz
Ti:Sapphire laser

0.50–0.62 16 HARPS-N C

2015 [14] 1-GHz
Ti:Sapphire laser

0.50–0.62 16 HARPS-N C

2016 [22] CW laser 1.04–1.75 12.5 Subaru Tele-
scope

G

2016 [23] CW laser 1.43–1.64 12 NIRSPEC H
2017 [53] 1-GHz

Ti:Sapphire laser
0.52–0.61 16 HARPS-N C

2018 [24] CW laser 1.40–1.80 14.5 GIANO-B–
TNG

I

2018 [28] 250-MHz
Yb-fibre laser

0.47–0.72 25 HRS–Xinglong D

2019 [20] CW Laser 1.53–157 22.1 NIRSPEC J
2019 [21] CW laser 1.49–1.66 23.7 GIANO-B–

TNG
K

2019 [25] CW laser 0.70–1.60 30 HPF–HET L
2019 [26] CW laser 0.80–1.35,

0.48–0.65
30 / M

2019 [27] CW laser <0.4–>0.6 10 / N
2021 [70] 1.6-GHz

Ti:Sapphire laser
0.535-–0.55 43 HIDES–NAOJ C

32



Chapter 1

Figure 1.9: Review of existing astrocomb technologies. Set-up A was the typical
setup at the start of astrocomb development. This then evolved to set-ups D, E and
F with systems that used fibre lasers that source combs. As set-up with a nonlinear
crystal was used for generating astrocombs in the blue, while C (also the approach
we are taking) was commonly used with Ti:sapphire lasers. The rest of the set-up
with a cw laser, except J and K, are the set-ups for EO combs. As mentioned in the
section, modulators, amplifiers and dispersion compensation components are typical
key components.
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1.5 Overview of our approach: The optical para-

metric oscillator astrocomb

To satisfy the ELT–HIRES spectrograph’s demanding requirements, the proposed

design for its calibrator is composed of six different main sections, as shown in Figure

1.10.

Figure 1.10: Proposed design for the upcoming ELT–HIRES in 2024.

The master comb of the system is a 1-GHz femtosecond Ti:sapphire laser. A

beamsplitter is inserted after the output, dividing the source beam into first three

modules:

1. A spectrally-broadened Ti:sapphire module with a common-path self-referencing

interferometer. This module was built for locking the carrier-envelope offset fre-

quency of the combs, as well as supporting part of the visible spectrum of the

HIRES.

2. A second-harmonic generation module, generating the blue end of the spectrum

using part of the pump and part of the light from the previous module

3. A degenerate doubly-resonant optical parametric oscillator (DRO) modules: re-
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sponsible for the infrared region.

The broadband light generated from the modules then enters:

4. Multiple Fabry-Pérots for adjusting the comb-mode-spacings to match its reso-

lution.

5. Several SLMs to ensure the intensity flatness of the combs.

Part of the output then enters the spectrograph for calibration while the rest can

be guided into the sixth component, a broadband Fourier transfer spectrometer for

filtered subset identification.

In this thesis project, we focused on constructing a traceable broadband (visible

to infrared) astrocomb system with wide comb-mode spacings. A lab-built FTS was

included for spectral reconstruction and accurate comb-mode identification. Figure

1.11 illustrates a full setup of the experiments forming the foundations of this thesis.

Figure 1.11: The set-up that this thesis is aiming for, with (a) a degenerate OPO
module, (b) a spectrally broadened module with HNLF, (c) an FP filtering section,
(d) a FTS section and (e) an f-to-2f interferometer.

Phillips et al. paper in 2018 [57] suggested that eight FP cavities could be needed

for different wavelength regions from 390 nm to 1810 nm, in order to have the closest

possible resolving power to match the HIRES, with the highest values being 22-GHz

for the blue end, and the lowest 6-GHz for the IR end. For proof of concept in our

setup, we have chosen to start with two FP cavities.
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1.6 Summary and thesis outline

This thesis is composed of seven chapters. Chapter 1 here described this project’s

motivation, as the conventional calibration methods no longer meet the demanding

conditions needed for the next generation high resolution spectrograph. I have dis-

cussed some of the potential science cases for the ELT–HIRES and therefore, what

kind of requirements an ideal calibrator needs to meet. I have also looked into the

advantages of using a laser frequency comb, leading to the conclusion of why an LFC

is much better than the conventional calibration method. I have examined into the

theory of LFCs and what makes a stable frequency-comb source. Afterwards, I re-

viewed different astrocomb systems and some techniques used in the astrophotonics

community to realise LFC calibrators. Following this I introduced our design for a

complete ELT–HIRES astrocomb calibrator.

Chapter 2 discusses the optical parametric oscillator module of our design. The

chapter starts by describing the fundamental nonlinear optics theory of parametric

oscillation. I then present our pump source, which is a 1-GHz Ti:sapphire laser,

followed by a discussion on the design, stabilisation, characterisation of the OPO.

Chapter 3 presents result from a fully stabilised frequency comb system from 550

nm to 2400 nm. It begins with an investigation of the origin of supercontinuum in

optical fibre from the complex interaction between dispersion and nonlinear effect.

The SC spectra from fibres used in the experiment and simulated in Matlab mod-

elling are compared. I then describe the LFC stabilisation approach for, including

its fCEO and fREP , which leads to a stabilised broadband astrocomb system.

An alternative stabilisation approach for the degenerate OPO is explored in

Chapter 4 for reducing the noise coming from the high-frequency modulation in

dither-locked OPO. Different locking mechanisms are investigated. The concept of

using the sum-frequency parasitic of the OPO is introduced, along with a noise char-

acterisation and a comparison between the dither-locked OPO and sum-frequency

mixing locked OPO.

Chapter 5 presents the results and analysis of our FP cavity mode filtering with

both a visible supercontiuum and a spectrally broadened near-IR OPO. The theory

behind the filtering and the FTS are investigated along with a discussion of the

requirements and applying to an FP cavity for an astrocomb. The set-up and
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alignment for the experiments are presented. A detailed data analysis of the result

is presented, showing how were the comb-mode positions could be indexed using

FTS.

Chapter 6 describes a side-project that could be of interest to future ELT–HIRES

astrocomb development: a zinc-infused PPLN waveguide was pumped by our degen-

erate OPO. The spectrum of its output with different polarisation was investigated

and compared with the modelled result, showing potential for broadband visible

generation.

Chapter 7 concludes the thesis and discusses whether Ti:sapphire pumped OPOs

can be a viable path towards an ideal calibrator for the ELFT–HIRES. Future

development is considered with potential improvements, and further experiments

suggested.
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“High-precision wavelength calibration of astronomical spectrographs with laser

38



BIBLIOGRAPHY

frequency combs,” Monthly Notices of the Royal Astronomical Society, vol. 380,

pp. 839–847, Sept. 2007.

[8] T. Steinmetz, T. Wilken, C. Araujo-Hauck, R. Holzwarth, T. W. Hänsch,
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J. I. González Hernández, R. Rebolo, T. W. Hänsch, T. Udem, and
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Chapter 2

Design and characterisation of a 1-GHz

degenerate optical parametric oscillator

2.1 Introduction

Shortly after the invention of the laser in 1960 came the discovery of second har-

monic generation (SHG). A variety of nonlinear optical phenomena including dif-

ference frequency generation (DFG), sum frequency generation (SFG), and optical

rectification (OR) were soon demonstrated, along with the development of differ-

ent phase-matching techniques for improving the efficiency of nonlinear conversion.

Well known for their tunability, optical parametric oscillators (OPOs), which built

upon the SFG process were used to produce coherent light with broad wavelength

coverage. Since the first demonstration in 1965, the research into OPOs has pro-

gressed from continuous-wave (cw) sources to nanosecond (ns), picosecond (ps) and

femtosecond (fs) devices. In this thesis, I will focus on OPOs operating in the

femtosecond ultrafast regime, exploiting synchronously-pumped optical parametric

oscillators (SPOPOs).

We will begin this chapter by discussing how the fundamental processes behind

OPO operation arise from nonlinear interactions. We will then have a brief look

at the design criteria for an OPO that fits our purpose, namely a broadband high-

repetition rate frequency comb, and proceed to characterise the properties of our

source comb, which informs the system design of the OPO. The procedure of building

and aligning the OPO will be described, followed by a characterisation of the OPO.
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2.2 Optical parametric oscillator fundamentals

2.2.1 Basics of nonlinear optics

Consider a monochromatic light source with electric field E described as:

E = E1cos(ω1t− kz) (2.1)

When this electromagnetic field is incident upon a medium it produces dipole mo-

ments p along the beam path. For a weak and incoherent light source, the polariza-

tion of the medium P , which is p per unit volume, varies linearly with E. Neglecting

the propagation term, kz, it can be described with the following equation:

P (ω) = ε0χ
(1)E(ω) (2.2)

where ε0 is the vacuum permittivity and χ(1) is the linear susceptibility, a dimen-

sionless, complex tensor that defines how the system reacts to the incident field E.

It can be represented as:

χ(n) = χ(n)′ − iχ(n)′′ (2.3)

The real and imaginary part of the susceptibility correspond to different proper-

ties of the material which are closely related to each other through Kramers-Krönig

relations [1]. The linear susceptibility, χ(1)′ of a material is responsible for its dis-

persive behaviour (refractive index and dispersion), while the imaginary counterpart

describes the dissipative properties such as linear absorption and gain.

When the incident field becomes much stronger (e.g. a highly focused pulsed

laser beam), additional nonlinear processes take place within the medium. The

polarisation response evolves from Equation 2.2 into:

P = ε0[χ(1)E + χ(2)E2 + χ(3)E3 + . . .], (2.4)

where χ(2) and χ(3) are the second and third-order nonlinear susceptibilities. The

real part of χ(2), as we can see in Equation 2.5 and 2.6, is responsible for three-wave

mixing processes such as SHG and DFG. The imaginary part of χ(2) is interestingly

zero, indicating no dissipative effect from the mixing processes. The phase-only
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response from χ(2) nonlinear processes hints at low heat damage risk to the material,

providing potential for high energy conversion. On the other hand, χ(3) involves

not just the four-wave-mixing from its real part, but its imaginary part is also

responsible for several non-parametric processes such as Raman scattering and two-

photon absorption where energy transfer happens.

Considering only up to second-order nonlinear processes, Equation 2.4 develops

into the following expression when substituting in E:

P =ε0

[
χ(1)E1cos(ω1t) (Linear propagation)

+ χ(2)E
2
1

2
(DC) (2.5)

+ χ(2)E
2
1cos(2ω1t)

2

]
(SHG)

Apart from the linear response and DC non-oscillating term, a frequency-doubled

term also known as second harmonic generation (SHG) has emerged. Note that for

centrosymmetric nonlinear materials such as silica, the inversion symmetry of the

material leads to the cancellation of the effect [2].

For a polychromatic wave containing two different frequency components ω1 and

ω2 such that E = E1cos(ω1t)+E2cos(ω2t), Equation 2.4 can be expressed as follows:

P = ε0

{
χ(1)[E1cos(ω1t) + E2cos(ω2t)] (Interference)

+
χ(2)E2

1

2
cos(2ω1t) (SHG)

+
χ(2)E2

2

2
cos(2ω2t) (SHG) (2.6)

+ E1E2χ
(2)cos((ω1 − ω2)t) (DFG)

+ E1E2χ
(2)cos((ω1 + ω2)t) (SFG)

+
χ(2)

2
(E2

1 + E2
2)
}

(OR)

The first term is an interference term between the linear responses of the two com-
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ponents (i.e. the original incident field), while the the next two terms are the second

harmonic generation (SHG) of each of the frequency components. The mixing of the

two components through sum-frequency generation (SFG) and difference-frequency

generation (DFG) also leads to the generation of other frequency components as

presented in the fourth and fifth terms of the equation. The last term is optical

rectification (OR), a reverse electro-optic effect.

2.2.2 Coupled wave equations and phase-matching

Equation 2.6 describes how extra frequency components emerge from the two in-

cident fields as a consequence of the nonlinear response of the system. As each

dipole radiates the new frequencies, the efficiency of the energy transfer process will

depend on the relative phase of the incident fields, [2]. To understand how these

fields interact, as well as how we achieve a nonlinear processes with good efficiency,

a treatment with the standard wave equation Equation 2.7 is required.

52 E − 1

c2

∂2E

∂t2
=

1

ε0c2

∂2P

∂t2
(2.7)

We first assume the system is lossless and comprises three interacting fields ω1,

ω2 and ω3 propagating in the z direction, where ω1 ≤ ω2 ≤ ω3. The general coupling

equations for describing any second-order process are as follows:

∂E1i

∂z
= − iω1

cn1

d
′

ijkE3jE
∗
2k exp(−i∆kz) (2.8)

∂E2k

∂z
= − iω2

cn2

d
′

kijE
∗
1iE3j exp(−i∆kz) (2.9)

∂E3j

∂z
= − iω3

cn3

d
′

jikE1iE2k exp(+i∆kz), (2.10)

where djki are the nonlinear coefficient tensors that define the coupling of the fields

based on the crystal geometry of the nonlinear medium and is equal to one-half of the

susceptibility tensor, and ∆k is the wavevector (or momentum) mismatch of those

three fields, defined as ∆k = k3 − k2 − k1. As we can see from the equations above,

these processes involve phase-only interactions, and so efficient coupling between
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the fields would only happen under a special condition:

∆k = 0 (2.11)

On the atomic scale, when condition 2.11 is met, the output field radiating from

the system is kept at a fixed phase relationship and emitted coherently in the same

forward direction [2]. Due to the dispersive behaviour of the medium however,

Equation 2.11 can usually be maintained for only a short distance known as the

coherence length.

Two major phase-matching techniques are used to improve nonlinear efficiency:

birefringent phase-matching and quasi-phase-matching. The former takes advantage

of the birefringent properties of some of the materials: with a precise propagating

beam angle into the material, perfect phase-matching is achievable. The second

method engineers the crystal for phase-matching, making use of the effective co-

herence length by periodically reversing the polarity of the phase every coherence

length so that it returns to the phase-matching condition. Such period is defined as:

Λ =
2π

∆k
(2.12)

The quasi-phase matching for the three interacting fields can therefore be expressed

as:

∆k = k3 − k2 − k1 −
2π

Λ
= 0 (2.13)

Which can only be achieved if the grating period is:

Λ =

(
n(λ3)

λ3

− n(λ2)

λ2

− n(λ1)

λ1

)−1

)
(2.14)

2.2.3 χ(2) nonlinear processes

Equation 2.6 shows the products of χ(2) interactions. All SHG, SFG and DFG

are parametric processes, which means that the initial and final quantum states

involved remain unchanged throughout the process. The conservation of energy

and momentum restrict the relationship between the mixing fields in the crystal,

resulting in the energy diagrams in Figure 2.1.
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This, combined with the coupled equations from the last section, provides an

insight towards how this effect behaves within the materials. Full derivations and

solutions of the propagation properties of these processes can be found any of the

nonlinear optics textbooks, such as [2]. To provide a general overview, the solutions

and derivations in the following section are arrived at under assumptions for reduced,

simplified, but presentable solutions.

Figure 2.1: Schematic illustration and energy level diagrams of different χ(2) non-
linear processes. (a), (b) and (c) represent SHG, SFG and DFG respectively, while
d) describes optical parametric generation (OPG), and (e) shows a singly resonant
OPO.

2.2.3.1 Second harmonic generation (SHG)

In the SHG process, two electric fields with low frequencies ω1 = ω2 combine to-

gether, resulting in an electric field with higher frequency ω3 = 2ω1 = 2ω2, as shown

in Figure 2.1 (a). We consider Equations 2.8–2.11 for SHG assuming the power lost

in the process is negligible such that dE1i/dz ≈ dE2k/dz ≈ 0. This implies only

solving the differential equation for E3 is needed:

∂E3j

∂z
= − iω3

cn3

d
′

jikE1iE2kexp(+i∆kz) (2.15)
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Supposing the representation of E3 is:

E3 = ae(+i∆kz) + b (2.16)

After differentiating Equation 2.16

dE3

dz
= ai∆ke(+i∆kz) (2.17)

Constant a can be derived by substituting Equation 2.16 into Equation 2.15:

a = −
ω3d

′
jikE1E2

cn3∆k
= −

2ω1d
′
jikE1E2

cn3∆k
(2.18)

We assume the mixing of the fields only starts with the field E arriving at the

medium, such that E3 = 0 when z = 0. In that case constant b can be obtained

from Equation 2.16:

b = −a =
2ω1d

′
jikE1E2

cn3∆k
(2.19)

Therefore, we now have

E3 =
2ω1d

′
jikE1E2

cn3∆k
[1− i∆ke(+i∆kz)] (2.20)

The intensity of the SHG output is the product of E3 with its own complex conjugate,

Iω3 =
8ω2

1d
2
jikI

2
ωz

2

c3n1n1n2n3ε0

sinc2[∆kz/2] (2.21)

Equation 2.21 showed that the maximum power comes only when ∆k = 0. When

the ideal phase matching happens, intensity increase quadratically with z along the

medium.

2.2.3.2 Sum frequency generation (SFG)

In SFG, output ω3 arises from the sum of the two lower frequency fields, ω2 and ω1.

Three assumptions were made to simplify the derivation process from the coupled

wave equations for SFG. To start with, we assume that one of the incident fields ω2

is the pump which is much stronger than the other field ω1. Therefore, the energy
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flows mostly from ω1 to ω3 – in this case we can assume that the field of ω2 is

constant. We also assume that it is under perfectly phase matched condition, so

∆k = 0. Lastly, we argue that mixing field E3 only starts appearing within the

medium. After differentiating Equation 2.8, the following is obtained:

∂2E1

∂z2
= −K1

∂E3

∂z
(2.22)

where

K1 =
iω1d

′

ijkE
∗
2

cn1

(2.23)

Substituting Equation 2.10 into Equation 2.22, we get:

∂2E3

∂z2
= −Γ2E1 (2.24)

Γ2 is the product of the constant term of ∂E1

∂z
and ∂E3

∂z
:

Γ2 = −K1K2 = −4ω2
1ω

2
3dijk | E2k |2

k1k3c4
(2.25)

where

K2 =
iω3d

′

jikE2

cn3

(2.26)

The general solution to Equation 2.24 is

E1(z) = Bcos(Γz) + Csin(Γz) (2.27)

With the help of Equation 2.8, E3 can be obtained.

E3(z) = −BΓ

K1

sin(Γz) +
CΓ

K1

cos(Γz) (2.28)

Considering our assumption that E3 is not present at the input, we have the

boundary conditions A3(0) = 0 and A1(0) = B, which results in a simplified, reduced

version of the solution:

E1(z) = E1(0)cos(Γz) (2.29)
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E3(z) = iE1(0)(
ω3n1

ω1n3

)1/2sin(Γz) (2.30)

From this general solution, the intensity behaviour of the mixing field and the

weak field (ω1) is plotted in Figure 2.2. As we can see the energy is continuously

transferring back and forward between the two fields.

Figure 2.2: Intensity of fields E1 (blue) and E3 (red) as they travel through the
medium with the assumption that they are under perfect phase-matching, as well
as an undepleted pump condition.

2.2.3.3 Difference-Frequency generation (DFG)

Figure 2.1 c) illustrated the DFG process; a pump ω3 with a weak wave ω1 incident

onto the medium and generating a mixing field ω2 which is the difference between

the two input frequencies. Again under the three assumptions mentioned in the

derivation for SFG and using a very similar approach, the solutions for ω1 and ω2

are as follows:

E1(z) = E1(0)cosh(Γz) (2.31)

E2(z) = iE1(0)
E3

| E3 |

(
ω2n1

ω1n2

)1/2

sinh(Γz) (2.32)

From the intensity plot of this solution in Figure 2.3, we can see both fields expe-
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rience asymptotic gain along the medium, which is very different from the oscillating

behaviour in SFG. The reason behind the gain behaviour can be understand as the

appearance of the ω1 field stimulating the generation of ω2, while at the same time

the generation of ω2 also supports the generation of ω1 [2]. This can be illustrated

through the combination of energy diagram in Figure 2.1 c) and d). Essentially, this

phenomenon becomes the backbone of the OPO.

Figure 2.3: Intensity variation of the input ω1 (blue) and output ω2 (orange) with
perfect phase matching approximation and undepleted pump.

2.2.4 Optical parametric oscillation

In previous sections, we can see that it is possible to achieve gain through DFG.

The optical parametric oscillator (OPO) was built upon this principle with addi-

tional optical feedback though a resonator cavity. A typical OPO cavity is shown in

Figure 2.1 e). A pair of mirrors that is highly reflective around ω2 (signal) or/and

ω1 (idler) is installed for introducing the oscillation inside the cavity. As there is

no net transfer of energy or momentum in these processes, this means the output

signal frequency is the sum frequency generation between the pump frequency, ω3

and an idler frequency, ω2:

ω3 = ω1 + ω2 (2.33)

The oscillation starts from the initial parametric fluorescence generation de-
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scribed in Figure 2.1 d), followed by the DFG reinforcing the gain amplification of

the fluorescence generation, eventually pushing the net gain inside the cavity over

the loss. The cavity therefore reaches the threshold condition and starts producing

a stable output.

There are two types of OPO depending on whether the output is ω2, ω1, or

both. If the cavity is resonant on either the idler or signal wavelength, then it is

known as a singly-resonant OPO, or SRO. OPOs oscillating at both wavelengths

simultaneously are known as doubly-resonant OPOs, or DROs. Both types of OPO

have very different properties with unique merits and disadvantages. As there are

two fields instantly resonating in the cavity, less power is needed for DROs to start

the oscillation. This indicates not just a lower threshold but also that a shorter

gain medium can be used in DROs. Another important advantage of DROs comes

from the fCEO relationship between pump and OPO output. Consider the phase

between the three mixing fields: E3cos(ω3t+φp), E1cos(ω1t+φi) and E2cos(ω2t+φs)

respectively. Their phase relationship is:

φp = φs + φi +
π

2
(2.34)

In DROs the idler and the signal are oscillating at the same wavelength and

become indistinguishable, φs = φi, therefore:

φp = 2φs,i +
π

2
(2.35)

which provides a fixed phase relationship between OPO and the pump, leading to

a self-phase-lock [3]. This provides a tremendous benefit for a comb system that

requires traceability and stability, such as the OPO required for the astrocomb

system.

A difficulty when working with a DRO is the additional restriction in the res-

onator length. There already exists a limitation in the cavity length as ultrafast

OPOs are only achievable under synchronous pump conditions. The lack of energy

storage in the χ(2) process, as well as the instantaneous nature of the gain means

that there only exists a small temporal window in the crystal for the circulating

parametric pulse to overlap with the pulse pump.
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This imposes a limitation on the OPO cavity length where the pump repetition

rate has to match the OPO cavity round-trip frequency. For a DRO, such conditions

would become much stricter, as the cavity has to simultaneously satisfy the standing

wave condition for both oscillating wavelengths, while in an SRO that is relatively

more relaxed.

2.3 Source comb: Ti:sapphire laser

The choice of pump source is important and must be appropriate to the phase-

matching bandwidth of the nonlinear crystal, as well as the output wavelength

range of interest. As mentioned in Chapter 1.4 a 1-GHz femtosecond commercial

laser was chosen to be our pump.

2.3.1 Laser Quantum 1-GHz Ti:sapphire laser

The chosen pump laser is the Gigajet from Laser Quantum, a turn-key system that

mode-locks through the Kerr-lens effect. It has a 30-cm folded ring cavity, which is

pumped by a 6 W 532 nm green laser. This system has been in use for several years,

and there have been a number of cavity realignments which led to some changes

to the properties of the laser. Two of these realignments took place during the

timeframe of this thesis. Table 2.1 lists how the laser properties varied with the

cavity realignment, while Figure 2.6 shows how the spectrum changed.

Table 2.1: Properties of the Ti:sapphire laser

Paverage λc Bandwidth Beam waist1 ROC2

Initial status 1.2 W 808 nm 24.7 nm 2.6372 mm 1841 mm
After first revision 1.5 W 805 nm 26.1 nm 2.5388 mm 1838 mm

After second revision 1.1W 811 nm 25.9 nm 2.8254 mm 1387 mm

1 1/e2 Horizontal beam waist of the laser at x away from the its output.

2 Radius of curvature of the beam.
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Figure 2.4: Spectra of our Ti:sapphire laser initially (solid line), after the first version
(dotted line) and after the second revision (dashed line).

The characterisation of the OPO presented in this chapter was performed with

the Ti:sapphire pump laser in its initial configuration and after the first cavity re-

alignment. The fully stabilised, visible to infrared frequency comb results presented

in Chapter 3 was done after the first revision. As the power dropped to only 1.1 W

after the second revision, it can only support one section of the setup but not with

both visible SC and OPO, the measurements and experiment described in Chapter

4-6 were then focused only on the near-infrared sections.

2.4 1-GHz PPKTP optical parametric oscillator

The dispersion condition of the output pulse from the laser source was investigated

by another student [4]. It was found to emit the shortest fourier-transform limited

pulse of around 30 fs when two GTI mirrors with an orverall GDD compensation

of -1000 fs2 were placed in the beam path. After the GTI mirrors, the 1.5 W laser

beam path was split into two as shown in the experimental diagram in Figure 1.11:

around 600 mW was used for the f -to-2f interferometer described in Chapter 3.4.4,

with the rest of the power going into our the OPO.
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2.4.1 Cavity design

Factors to consider while designing an OPO cavity begin with understanding the

pump laser and our wavelength of interest, which determine the types of nonlinear

crystal that can be used for the system. The cavity length of the pump laser would

also indicate the length of the OPO cavity if a 1:1 synchronicity condition is desired.

Understanding the pump beam size and divergence is also necessary for optimising

the χ(2) effect from the crystal.

2.4.1.1 The parametric gain medium

Two common crystals for building femtosecond DROs in the near-infrared region

are periodically-poled lithium niobate (PPLN) and periodically-poled potassium

titanyl phosphate (PPKTP). Periodic poling exploits the ferromagnetic nature of

these crystals, introducing layers of inverted structures to periodically flip the sign

of the d33 tensor to extend the coherence length, achieving quasi-phase matching

(QPM). While PPLN has a higher nonlinearity value, it also has a higher refractive

index than PPKTP which leads to a higher material dispersion [5]. That indicates

a much narrower phase-matching bandwidth in PPLN as illustrated in Figure 2.5.

PPLN is also more vulnerable to photorefractive damage unless it is operating at

higher temperatures (as high as 100◦C for undoped PPLN) or doped with Mgo [6].

PPKTP, on the other hand, can operate at a much lower temperatures with a much

lower damage threshold [7]. As all the merits outweighed the disadvantages, PPKTP

was chosen to be the medium for the OPO.

Our PPKTP crystal is manufactured by Raicol Crystals, and cut and polished

to a Brewster angle by Gamdan Optics. The information of the crystal in used our

OPO is described in Figure 2.6. It is included five distinct gratings periods across its

height. These gratings cover a pump phase-matching bandwidth from 800–820 nm,

to produce OPO wavelengths centred at 1600–1640 nm.
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Figure 2.5: Phase-matching diagrams of 1-mm PPKTP (left) and PPLN (right).
With phase-matching efficiency of 50% as the reference level, the phase-matching
bandwidth (white lines) of PPKTP is 500 nm while only 240 nm for PPLN.

Figure 2.6: The cross-sectional area of the 1-mm PPKTP crystal.

2.4.1.2 Types of cavity

Common cavity configurations can be divided into two categories: an X-cavity (il-

lustrated in Figure 2.7 (a)) or a ring cavity (Figure 2.7 (b)). The X-cavity produces

a standing wave, with the resonant beam passing through the crystal twice and ex-

periencing increased loss from additional mirror bounces. In contrast, the resonant

beam in a ring cavity only travels in one direction, reducing the material dispersion

from the crystal and reducing the cavity losses. Therefore, a ring cavity is often

more favourable than an x-cavity. .
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Figure 2.7: Two general types of cavity configuration, (a) is a type of standing wave
cavity, while (b) is a travelling wave cavity.

2.4.1.3 Cavity stability

Consider a pair of silver curved mirrors with radius of curvature R1 and R2 which

are located a distance d apart, as illustrated in Figure 2.6 (b). The stability function

between mirrors and crystal is [8]:

0 < g1g2 < 1 (2.36)

where:

g1 = (1− d

R1

) (2.37)

g2 = (1− d

R2

) (2.38)

Care must to be taken when adjusting the distance between the mirrors such

that g1g2 is kept between 0 and 1. The OPO crystal must also coincide with the

focal point to optimise the nonlinear conversion efficiency. Due to the non-normal

incidence to the surface of the mirrors and the Brewster-cut crystal, astigmatism is

introduced into both the tangential and sagittal planes. An advantage of using a

ring cavity geometry is that astigmatism is easier to compensate by adding a folding

angle, θ, to our beam path while entering the cavity as described in Figure 2.6 (b).
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For a setup with R1 = R2 = 20 mm and 1-mm PPKTP crystal at a folding angle

of 7.5◦, using the ABCD modelling in Matlab, the following optimised stability

function for OPO can be obtained:

Figure 2.8: Stability function between the first curved mirror and crystal in the two
planes as modelled in Matlab.

The stability functions of the sagittal and tangential planes overlap nicely be-

tween 9.8 mm and 10.6 mm with an optimal space at 10.21 mm for the distance

between crystal and mirror.

2.4.1.4 Beam propagation inside the cavity

Figure 2.9 illustrates the OPO system. To optimise the efficiency of the OPO,

matching of the diffraction behaviour of both the pump beam and the resonating

beam inside the cavity is essential. A number that define such properties is known

as confocal parameter b. The distance between the beam waist and when its
√

2 of

its size is known as Rayleigh range zR, and confocal parameter is defined as b = 2zR.

To match the pump and signal confocal parameters, we first have to look into how

the beam propagation inside the cavity relates to the conditions imposed by the

pump, the curved mirrors and the crystal. The beam waist of both the pump (800

nm) and the resonating beam (1600 nm) while they were traveling inside the cavity
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was modelled and the result is shown in Figure 2.10.

Figure 2.9: A illustration of the OPO setup adopted from our general setup in
Ch.1.4.

Figure 2.10: Propagation of both pump beam (solid line) and the resonating beam
(dashed line) for a round trip in the cavity. Positive y-axis corresponding to the
tangential (red) while negative representing the sagittal (blue) planes. The three
green lines from left to right represent the first curved mirror (M1), the crystal, and
the second curved mirror (M2). Zoom in of the beam propagating the crystal region
is shown in the inserted.

65



Chapter 2

Based on the model, the confocal parameters of the beams when they were at

the focal point inside the crystal were calculated to be 0.7901 mm for the pump

beam, which is very close to the 0.7907 mm of the resonating 1600 nm.

2.4.1.5 Pump beam properties

Before aligning the OPO cavity it is necessary to reshape our pump beam to ensure

a high degree of modal overlap with the resonant OPO beam. Knife edge measure-

ments were performed at five different distances away (36,150,190,225 and 529 mm)

from a datum position (set point, S), defined as the position of the beamsplitter BS

as shown in Figure 2.9. The beam diameter along the horizontal axis was found to

be 2.582, 2.754, 2.8083, 2.8462 and 3.275 mm at those five distances respectively.

We found a beam radius of 1.3186 mm at S, as well as a wavefront curvature of

1800 mm.

Two different methods can be used for inputting the laser beam into the cavity.

The first one is by using a lens to directly focus the beam onto the crystal through

the curved mirror (M2), just like the one displayed in Figure 2.7(b). In this case

the shaping of the beam relies on one focusing lens. For a pump beam size as

big as ours, the power of one focusing lens is often not sufficient for shaping the

beam size from 1.3186 mm to 10.03 µm while satisfying confocal parameter of the

ideal beam required in the cavity. Therefore, it is difficult to arrive at good mode-

matching through this approach. Moreover, we won’t be able to implement the

folding angle to our incident beam for astigmatism compensation, this would also

affect our mode-matching efficiency.

The second way is to use the lens to focus the beam first before entering the

cavity, and then as it enters the first curved mirror (M1), it would be focused again,

but this time is onto the nonlinear crystal. Through focusing twice, a tight beam

spot with good mode-matching can usually be obtained.

In order to visualise the differences between the mode-matching ability of both

methods, an ABCD matrix Matlab code was used to model the beam propagation of

the pump under the two setups in Matlab. The ideal distance between the position

of between the set point (S), the lens and the first curved mirror (M1) in the OPO

was calculated to optimise the status of the pump beam to mode-match the ideal
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entering cavity beam state as discussed in last section.

Figure 2.11: Modelled result from Matlab of the beam propagation from the set-
point to entering the cavity through M2 and focused onto the crystal, with the first
method. The dashed line representing the position of the lens while the orange line
representing the ideal cavity pump beam condition. Zoomed in of the overlap inside
the cavity is showed in the inserted.

Figure 2.12: Simulated result from Matlab of the beam size modelling from the
setpoint to the first cavity curved mirror (M1). The parameters here are also what
we are using in our OPO.
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Here, the beam size of our pump is plotted while traveling from the setpoint into

the cavity. As our original beam size is quite big compared to the ideal beam in

the crystal ( around 130 times), for modeling beam propagation with only one lens,

a stronger shorter focusing lens (a 75 mm plano-convex lens in this case) is used

compare to the one used in the second method (a 750 mm plano-convex lens).

The difference in terms of the quality of the mode-matching between the two

method is quite obvious from Figure 2.11 and Figure 2.12. Although a slight loss

may introduced into the OPO from the imperfect reflectance of the curved mirror

(CM), since the later method gives us a much better pump beam shaping and less

dispersion in the cavity, we chose the second method for our OPO.

The datum we used for our setup is illustrated in Figure 2.12. Through the

lens the beam was arrived at its first focal point before entering the cavity, and

being focused onto the crystal after the incident onto the first curved mirror. The

modelling showed a good overlap between the ideal cavity pump beam condition.

2.4.2 Alignment

Putting the OPO together included three main procedures: A. Assembling the com-

ponents, while treating alignment of the laser beam path with caution such that,

aside from the 15◦ angle, the beam was travelling with the constant height from

the optical table to maximise the alignment condition. B. Checking the spatial and

temporal overlap of the beams using a beam profiler (CCD Camera, Thorlabs) and

a spectrometer (Ocean Optics USB4000-VIS-NIR). C. Optimising the power from

the OPO. A more detailed description of the alignment is given below:

1. To begin, the curved mirror (M1) was placed at the required distance from the

pump focussing lens, with the beam incident on the middle of the mirror. The mirror

angle was adjusted to make sure the reflected beam was horizontally propagating a

straight line and vertically the same height, even at a distance away.

2. The crystal was placed in the focus of the mirror. At the correct position, which

the cavity stability model showed to be 10.2 mm from the CM2, the crystal pro-

duced a strong second harmonic blue beam output along with the 800nm pump.
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The crystal was mounted so that its xyz positions could be aligned with the crystal

to maximum the SHG output from the crystal.

3. The second curved mirror (M2) was placed at the same distance from the crystal

as M1. It was ensured that the reflected beam was at 15◦ from the horizontal and

again vertically the same height.

4.The high reflector (M3) was used to reflect the beam towards the 1% output

coupler (OC). Making sure the cavity length was very similar to the laser’s cavity

length. The reflection of the pump light from OC was adjusted to be very close to

the position of the cavity beam, for convenience of future alignment.

5. A beam profiler was situated in front of the exit of the cavity as indicated as

the diagnostic part in Figure 2.9. The beam shape from the inner cavity beam was

observed. As the laser beam was not circular, its horizontal axis was longer than

its vertical axis. Therefore, to obtain the best mode matching, the crystal position

was adjusted to find a similar beam shape on the camera.

6. The HR mirror (M3) was aligned such that the cavity beam was closer to the OC

reflected beam. The beam profiler was moved further away, and working in reverse,

the reflected pump beam was adjusted instead. These steps were repeated until the

beams were found to be completely overlapped on the beam profiler.

7. Next, the temporal overlap was adjusted, such that the cavity length overlap

between the OPO and the laser were correct. It was observed by looking at the

interference fringe between the reflected pump beam from OC and the pump beam

travelled out of the OPO by using a spectrometer. The overlap was adjusted by

moving the stage that the M3 was mounted on. When the overlap was good, the

interference fringes started appearing. When the overlap was closer to zero, fewer

fringes were observed, however due to the inner cavity dispersion, the position where

the OPO started oscillating was often where there were two to three fringes.
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8. After repeating steps 6 and 7 to achieve a good overlap, a bright green light from

the OPO can be observed. The green light indicated an oscillation of the 1600 nm

inside the cavity: this came from the sum frequency generation (SFG) between the

Ti:sapphire beam 802 nm and the 1600 nm OPO beam (which was generated by

combining two pump beams together) :

1

λgreen
=

1

λ800nm

+
1

λ1600nm

(2.39)

which indicate λgreen is around 530nm

However, since doubly-resonant OPO is highly sensitive to cavity length, without

any actively scanning of the cavity length, such oscillations could only be observed

for few second. To make the observation of the OPO output power easier as well

as for the stabilisation process later, mirror M3 was mounted on a stage contain-

ing a NPM140 Piezoelectric Micrometer Adapter (PZT1) from Newport, which was

supplied with a 5 Hz 1 V triangular signal such that it is constant scanning range

of the cavity length where the oscillations happen. A small portion of the OPO

output beam was sent onto a InGaAs amplified photodiode. A high-pass filter was

required to remove the pump beam and the SHG green beam. Figure 2.13 shows

an example of a trace measured by the photodiode when cavity was being scanned.

Each peak in the graph corresponds to a signal from the OPO at slightly different

cavity lengths that fit the resonant condition. Each peak is therefore separated by

λresonating/2.

9. Optimizing the OPO was firstly done by sight then by observing the power on the

photodiode, through adjusting the crystal position, the HR and OC and therefore

very slight changes to the overlap of the beams.

10. After optimizing the OPO output, when enough oscillation had built up in the

OPO, the OC changed to a lower reflectance one, such that a higher power output

could be output coupled from the cavity.

11. Steps 9 and 10 were repeated with different output couplers until an optimal
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output coupling condition is met.

Figure 2.13: Photodiode signal recorded as the HR1 stage was scanned. Six oscil-
lation peaks are present in the cavity at different cavity lengths. Data presented in
this figure were recorded before the first laser realignment, with a OC of 15% in the
OPO cavity.

The number of observable peaks is highly correlated with the loss per round

trip in the cavity, such as the output percentage of our output coupler. After the

first revision, our laser’s power increased to 1.5 W, the number of peaks increased

dramatically to a point where more than 12 peaks were observed over the 10 micron

range. In fact, the scanning range of PZT1 was not be able to cover all the peaks.

The excess peaks indicated there was a very high gain accumulated inside the cavity,

meaning that there was a possibility of extracting more power out of the OPO.

Based on past research with the same pump and crystal [5], the optimal output

coupling for such a system is 30%, however, since there is no such output coupler

in the laboratory, a 28% pellicle beamsplitter was used instead. The pellicle was

inserted between M3 and OC in Figure 2.9, while the original OC was replaced by

a lower reflectance 1% OC, so that an output from the OC could be directed to

the photodiode for the locking process. The pellicle was mounted on a xyz stage,

along with a small angle rotation, so that a more precise positioning could be done

while the pellicle was inside the cavity. The threshold for OPO oscillation was 38

mW when the only output is the 1 % OC. With the pellicle installed, the threshold

increased to 380 mW. The pellicle was set to give the maximum percentage of output

when the p-polarised light was incident at 45◦ to the pellicle. Its position was aligned

such that the output flatness was ensured. By adjusting the vertical angle of the
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pellicle from the beam though adjusting the mount of the pellicle, the numbers of

peaks measured by the photodiode changed, the highest observed was 7 peaks and

the lowest was 1 peak.

In order to further optimize and characterize the OPO, the stabilization process

was needed.

2.4.3 Stabilisation mechanisms

A Red Pitaya, which is a programmable field-programmable gate array (FPGA)

based interface board, was programmed in Matlab to generate two signals for the

scanning and the stabilization process of the OPO. The first signal was a 1V peak-to-

peak 10-Hz triangular wave sent to the M3 stage through the servo controller (New

Focus LB1005) to control the scanning range. A second signal was a 0.5V peak to

peak 10-kHz sine wave, was sent to the mixer box as well as the piezoelectric actuator

(PZT2) the M3 mirror was mounted on. The mixer box used that signal and the

signal on the photodiode to perform dither locking on the OPO cavity length, which

is detailed in Chapter 4.2.2.

2.4.4 Resultant pulse characterisations

The properties of the OPO are recorded in Table 2.2. Generally, they are highly

dependent on the pump input. However, part of the OPO PPKTP crystal in the

setup was damaged shortly after the second revision of the Ti:sapphire laser source,

which left only the lower two of the crystal grating illustrated in Figure 2.6 available.

Our source comb, which is centred at 811 nm, can no longer access to grating that

is better phase-matched to its wavelength, the power and the bandwidth conversion

are therefore not as efficient as before after the second revision.

Table 2.2: Properties of the OPO

Plaser P into the OPO OPO
power

Spectrum BW

Initial status 1.2 W 500 mW 88 mW 75 nm
After first revision 1.5 W 750 mW 110 mW 120 nm

After second revision 1 W 0.95 W 120 mW 80 nm

The peaks shown in Figure 2.13 arise as result of the net group delay disper-
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sion in the cavity, allowing slightly different wavelengths other than the degenerate

1600 nm light to oscillate at slightly different cavity length. Usually, the strongest

peak was the degenerate peak. As the cavity length deviated further away from

that point, the spectrum of the beams shifted from degenerate to non-degenerate,

with a corresponding decrease in output power. Figure 2.14 illustrates how the five

resonance peaks shown in Figure 2.13 differ in terms of power and wavelength. The

degenerate peak (blue) is comparatively nosier than the other peaks. This is due to

the slightly flattened peak of its correspondent resonance peak signal that we use

for dither-locking which leads to some small instability as several potential locking

points exist very closely together. This problem went away when we locked our OPO

with the sum-frequency-mixing green instead of the 1600 nm output (see Chapter

4 for details). The sidebands which appear alongside the main peaks thought to

potentially originate from the infrared-active TO phonon mode in the KTP crystal.

[9].

Figure 2.14: Spectrum of the OPO when locked to different cavity lengths.

Pulse width measurements with autocorrelation technique described in Chapter

1.2.4 were also performed for the highest degenerate output.

Figure 2.15 shows a pulse width of 35 fs, however the spectrum measured showed

a 120 nm bandwidth. Assuming a Gaussian pulse intensity profile, that indicated

that if our pulse is transform-limited, the pulse width should be around 30 fs, ac-

cording to the time bandwidth product that discussed in Chapter 1.2.3. An envelope
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(red) was fitted to the autocorrelation trace in order to estimate the pulse chirp.

After adding a 200 fs2 GDD component, we arrived at the nicely fitted graph as

showed in Figure 2.15. The dispersion here can be compensated by inserting mate-

rials with negative sign of GDD value into the cavity, however due to the already

very compact size of the cavity, such compensation was not implemented into the

OPO.

Figure 2.15: Auto-correlation trace of OPO’s output with fitted envelope in red.
The noise from the sides of the trace is potential coming from the noisy nature of
dither-locked degenerate peak as described earlier.

2.5 Conclusions

In this chapter, a review of the fundamental nonlinear optics which underpin OPO

behaviour was performed, along with a general overview of the design, construction

and alignment process of the degenerate OPO at the core of this thesis. The perfor-

mance of the OPO was characterised. The OPO introduced here will become a key

component of the 1 GHz frequency comb system described in the next chapter.

74



Bibliography

[1] A. Yariv, Quantum electronics. Wiley, 1989.

[2] R. W. Boyd, Nonlinear optics. Academic Press, 2019.

[3] Y. Kobayashi, K. Torizuka, R. L. Marandi, A.and Byer, R. A. McCracken,

Z. Zhang, and D. T. Reid, “Femtosecond optical parametric oscillator frequency

combs,” Journal of Optics, vol. 17, no. 14, 2015.

[4] J. M. Charsley, “Comb-mode-resolving broadband fourier transform spec-

troscopy,” MScRes, Heriot-Watt University, 2018.

[5] R. A. Mccracken and D. T. Reid, “Few-cycle near-infrared pulses from a de-

generate 1 Ghz optical parametric oscillator,” Optics Letters, vol. 40, no. 17,

p. 4102, 2015.

[6] Mgo:PPLN for efficient wavelength conversion. Covesion Ltd, 2011.

[7] C. Webb and J. Jones, Handbook of Laser Technology and Applications Volume

II: Laser design and laser systems. Institute of Physics Publishing, 2004.

[8] H. Kogelnik and T. Li, “Laser beams and resonators,” Applied Optics, vol. 5,

no. 10, p. 1550, 1966.

[9] A. Zukauskas, N. Thilmann, V. Pasiskevicius, F. Laurell, and C. Canalias, “5

mm thick periodically poled Rb-doped KTP for high energy optical parametric

frequency conversion,” Optical Materials Express, vol. 1, 06 2011.

75



Chapter 3

1-GHz frequency-comb system from

550–2200 nm

The objective of this chapter is to present a fully stabilised broadband frequency

comb system that based on a degenerate OPO described in Chapter 2.

3.1 Introduction

After obtaining a stable degenerate output from the OPO, the spectral coverage can

be further extended to meet the requirements of HIRES. In order to achieve this,

the OPO output can be coupled into a length of highly nonlinear fibre (HNLF) for

spectral broadening. Along with a photonic-crystal fibre (PCF) on the Ti:Sapphire

output, which provides the visible end of the wavelength coverage and a octave-

spanning supercontinuum with which to stabilise the fCEO, the system generates

1-GHz frequency combs covering 500–2200 nm. The components that form the

results for this chapter are shown in Fig 3.1.

The chapter starts with a general discussion on the origin of the supercontinuum

that arises from the complex interplay between dispersion and nonlinear effects of

the optical fibres. The experimental work using fibres for supercontinuum generation

is then presented, along with modelling results. After arriving at a broad spectral

output coverage from visible to NIR wavelengths, the stabilisation of the laser’s

fCEO and frep are described along with the locking results. A broadband 1-GHz

frequency comb is therefore realised. The result in this Chapter was at CLEO 2019

Europe [1].
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Figure 3.1: Recalling the overall astrocomb system setup from Chapter 1.4. The
master comb’s beam is split into two; one beam enters the f -to-2f interferometer
(b), while the second goes into the OPO (a) and the HNLF (c).

3.2 Nonlinear effects in optical fibre

Pulse propagation in fibre is highly affected by the interactions between dispersion

and the nonlinearity of the medium. A full description of their complex nature is

beyond the scope of this thesis. Instead, I will give a brief introduction here with

the aim of outlining the phenomena we will encounter further into the chapter. A

more detailed discussion can be found in typical nonlinear fibre optics textbooks

such as [2, 3].

3.2.1 The nonlinear Schrodinger equation (NLSE)

A useful tool to understand how nonlinear effects progress in an optical fibre is

through the nonlinear Schrodinger equation (NLSE). The equation itself comes from

the wave equations which were presented in Chapter 2.2.2. It describes how the

temporal envelope of a pulse, A, evolves as the pulse propagates inside the nonlinear

medium. The nonlinear Schrodinger equation is described as follows [3, 4]:

∂A

∂z
= −α

2
A− iβ2

2

∂2A

∂t2
+ iγ|A|2A (3.1)

Here, α is the absorption coefficient of the fibre and β2 is the second order disper-

sion, which was mentioned in Chapter 1.2.3 and describes the fibre’s group delay
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dispersion (GVD). γ represents the nonlinearity of the fibre, which is dependent on

wavelength λ and on the fibre’s effective area Aeff :

γ =
2π

λ

n

Aeff
=

1

LNLP0

(3.2)

Equation (3.2) shows that as the fibre effective area becomes smaller, the non-

linear effects become greater. The nonlinear length LNL defines the distance where

the nonlinear effect starts to affect the pulses. P0 is the peak power of the pulse.

Equation 3.1 indicates that the evolution of the pulse envelope is depends on the

loss, on the dispersion and on the non-linearity of the fibre. Subjects to the input

pulse’s characteristics as well as fibre’s own properties, different effects may domi-

nate as the pulse propagates inside the fibre, and the output pulse from the fibre

results from a coupled interplay between them. The origin of GVD was presented

in Chapter 1.2.3. In the next section we will examine the origin of the nonlinear

effects in fibre.

3.2.2 Nonlinear refraction and other χ(3) processes

In Chapter 2.2, we reviewed the χ(2) conversion that leads to nonlinear conversion in

the OPO. As χ(2) becomes zero for materials with inversion symmetry, higher orders

of the nonlinear susceptibility must be considered to explain the extra frequency

components that emerge in optical fibres made from silica [2, 5].

Consider again Equation 2.4 but with no contribution from χ(2) this time, while

orders higher than three are negligible:

P = ε0[χ(1)E(ω) + χ(3)E(ω)3] (3.3)

Examining only the real parts of both χ(1) and χ(3), the effective susceptibility of

the system is therefore represented as:

χeff =
P

ε0|E(ω)|
= χ(1) + χ(3)|E(ω)|3 (3.4)
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Defining the intensity of the field as I = 1
2
n0cε0|E(ω)|2, Equation 3.4 changes into:

χeff = χ(1) +
χ(3)2I|E(ω)|

n0cε0

(3.5)

The effective refractive index (ne) of the system can therefore be expressed as:

neff =
√

1 + χeff =

√
1 + χ(1) +

χ(3)2I|E(ω)|
n0cε0

(3.6)

The linear refractive index can be expressed in terms of the real part of χ(1), such

that n0 =
√

1 + χ(1). With the help of a Taylor series approximation, Equation 3.6

can be rewritten as:

neff = n0 +
χ(3)2I|E(ω)|

n0cε0

= n0 + n2I (3.7)

The intensity-dependent refractive index, also known as the Kerr effect, contributes

to quite a variety of nonlinear effects that happen in the fibre including self-phase

modulation (SPM) and cross-phase modulation (XPM). The real part of the third

order susceptibility, χ(3), is also in charge of third order generation (THG) and four-

wave mixing (FWM). Its imaginary part involves inelastic processes such as Raman

scattering and Brillouin scattering [2].

3.2.2.1 SPM and XPM

When the pulse is propagating through the fibre, its non-uniform temporal structure

indicates that the intensity of the pulse is higher in the centre while lower on the

edges. This intensity variation causes different parts of the pulse to encounter dif-

ferent time-dependent refractive index gradients due to the Kerr effect. This brings

a time-dependent phase change, which then leads to a frequency change. Since such

phase modulation is self-introduced by the pulse, based on the medium’s own nonlin-

ear effect, this is also known as self-phase modulation (SPM). Through a simplified

NLSE, which assumes the loss and dispersion terms are negligible, the effect of SPM

on the pulse in the fibre can be observed. By reducing Equation 3.1 to the following:

∂A

∂z
= iγ|A|2A (3.8)
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The solution of this differential equation has following form [5]:

A = A0e
iγ|A|2z = A0e

iφNL(t) (3.9)

Where φNL = γ|A|2L = γP0U(t)L, L is the fibre length position and U(t) is the

input pulse shape. The equation indicates an intensity-dependent phase shift that

increases with the pulse propagation distance inside the fibre, while the shape of

the pulse doesn’t change. This time dependent property of the phase results in

a spectral change of the pulse as well. Recall from Chapter 1 the instantaneous

frequency is defined as:

ω(t) = −∂φ(t)

∂t
(3.10)

Therefore,

ω(t) = −γP0L
∂U(t)

∂t
(3.11)

This phenomenon where the frequency depends on time is known as frequency

chirping. The ∂U(t)
∂t

term changes according to different shapes of the pulse (e.g.

Gaussian or sech). For example, a sech shape that has a pulse duration of τ0 would

be expressed as:

ω(t) = γP0L
2

τ0

tanh(
t

τ0

)sech2(
t

τ0

) (3.12)

In general, Equation 3.11 describes how the frequency components continuously

changing as the pulse propagates along the fibre. The pulse is stretched and chirped,

and emerges from the fibre spectrally broadened. Apart from the peak power and

the shape of the pulse, along with the non-linearity and the propagation length in

the fibre itself, the amount of the frequency deturning and therefore the broadening

effect is inversely proportional to the pulse duration, as described in Equation 3.12.

Consider two or more fields propagating inside a fibre, as they interact with each

other. Cross-phase modulation will happen where one field induces a phase shift on

another field. After a very similar derivation process as above, the frequency shift

caused by XPM from field ω2 to field ω1 is described as [3]:

ω1(t) = −2γ1P20L
∂U2(t)

∂t
(3.13)

XPM often responsible for the asymmetric broadening in both spectral and temporal
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regime of the pulses propagating inside the fibre.

3.2.2.2 FWM

Four wave mixing emerges from the parametric interactions between four fields due

to the χ(3) nonlinearity of the medium. Consequently, new photons of the sum and

difference frequencies of the input fields are created. An example of such process

is given in Figure 3.2. Under an undepleted pump with ideal phase matching,

the field undergoes gain [3]. With carefully tailored phase matching condition and

appropriate dispersion, degenerate outputs can be obtained with only one strong

pump field [2]. Parametric devices known as fibre-OPOs based on degenerate FWM

have been demonstrated [6].

Figure 3.2: An example of FWM in a χ(3) medium and its energy level diagram.

3.2.2.3 SRS and SBS

Stimulated Raman scattering (SRS) and Brillouin scattering (SBS) are χ(3) inelas-

tic processes where energy is transfered from the fields to the medium. These two

are similar processes which involve the annihilation of a pump photon to a lower

frequency photon (Stokes wave) along with a phonon that satisfies the energy con-

servation law. The difference between these two is the type of phonons the processes

involves: SRS involves optical phonons while SBS involves acoustic phonons. In fi-

bre, collinear propagation in the direction of transferring energy from the pump to

the Stokes wave gives rise to its own automatically phase-matched ability. With-

out including the complicated derivation behind the processes, both SRS and SBS
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present gain properties (gR or gB) as follows:

dIs
dz

= gR/BIpIs (3.14)

For either of the processes to start, pump intensity must be higher than a certain

threshold, a typical value for SRS in fibre is around 10 MW/cm2.

3.2.2.4 Solitons

The spectral and temporal behaviour of the pulse evolution depends on the sign

of the dispersion β2. If the material has normal dispersion (β2 is positive), then

the lower frequency components in the pulse travel faster than the higher frequency

components - a very similar effect as to SPM. However, it does not enhance the SPM

effect but rather weakens it, as the temporal broadening effect of dispersion reduces

the pulse intensity and its gradient. As previously mentioned, the SPM broadening

effect decreases for longer pulses. The pulse can also be broadened due to the fact

that dispersion effects increase with the spectral bandwidth. This eventually leads

to a longer pulse output from the medium.

For anomalous dispersion (β2 < 0), the higher frequency components in the pulse

are travelling faster than the lower frequency components, which is the opposite of

SPM. When these two effects are perfectly balanced, a soliton is obtained. An

important parameter to describe this phenomena is known as the soliton order, N .

which is the ratio of the dispersion length (see in Chapter 1.2.4) to the nonlinear

length.

N2 =
LD
LNL

=
τ 2

0 γP0

|β2|
(3.15)

N < 1 indicates that the dispersion dominates over the nonlinearity. The soliton

order N = 1 is known as the fundamental soliton and happens when LD = LNL. If

N >> 1, the pump peak power has high intensity, and nonlinear dynamics dominate

from the start. However, after a certain amount of spectral broadening, the impor-

tance of GVD will start to kick in, as broadening the spectrum creates a stronger

dispersion effect. A temporally compressed but spectrally broadened pulse is there-

fore formed. When compression reaches the maximum point, the compressed pulse

will start to chirp, resulting in SPM effectively again to compress the pulse the
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spectrally. This leads to the rise of SPM broadening again. In this way, a periodic

evolution of pulses is established inside the fibre [5, 7].

However, in the ultrafast regime, such a soliton can be destroyed by other effects

and broken into sub-pulses, in a process known as soliton fission [8]. For pulse longer

than 200 fs, Raman scattering generally dominates the perturbation to the solitons,

leading to self-frequency down shifting to the lower frequency. For pulses < 200 fs,

it is usually the third order dispersion giving rise to the dispersive wave generation

in the pulses, causing an up shift to higher frequencies.

3.2.3 Supercontinuum generation

As discussed in previous sections, when the conditions of the pulse and medium

are well managed, the combination of χ(3) nonlinear effects and dispersion often

results in a spectrally broadened pulse. When it experiences an extreme spectral

broadening, the resultant pulse can often spans an octave, in a process is known as

supercontinuum generation (SC). Since its first discovery in 1970 in bulk glass, the

physical origin behind the phenomena have been well studied. In the CW or long-

pulse regime, FWM and RS play a central role. For supercontinuum generation in

the ultrafast regime, it is dictated by soliton-related dynamics [7], in particular for

materials that have anomalous dispersion, as we observe in our own experimental

result later in this chapter. When the medium is in the normal dispersion region,

the broadening processes are usually from SPM, self-steepening and optical shock

formation, or even FWM if the dispersion is suitable.

3.2.3.1 Different types of fibre

Fibres used for broadening can be generalised into three different historical cate-

gories. Conventional fibre consists of two cylindrical layers where the inner core’s

refractive index is higher than the outer cladding layer, such that the light beam can

be guided though the fibre with total internal reflection. It was where the first ob-

servation of fibre SC took place in 1976, six years after it was first discovered in bulk

glass [9]. It was a standard silica-based fiber that has zero dispersion wavelength

at around 1300 nm pumped by a nanosecond dye laser [10]. The result showed a

broadening of nearly 1500 nm in the infrared regime.
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The appearance of PCF in the late 1990s attracted a lot of attention from the

optics community, as there is much potential from the enhanced nonlinearity which

can lead to a variety of spectral engineering which cannot be achieved by a conven-

tional fibre [11]. The micro-structuring of the refractive index profile in PCF was

actually first suggested in 1974 [12], but it was only in 1996 that such fabrication

technology was available [13]. The guiding mechanisms of light inside PCF can be

categorised into two, depending on the geometry of the fibre. In hollow-core fibre

the light is guided by the photonic bandgap of the cladding layer. Although this

type of PCF is appealing to a lot of research interests because light can potentially

pass through the fibre without losing much energy, it is not the general type that

used for SC generation, as the materials’ nonlinearity does not get to participate

much when the pulse propagation is mostly in air. The second type of PCF has a

solid core in the middle, surrounded by arrays of airholes. The effective refractive

index is therefore higher in the central area than the surrounding air-hole. The light

guidance here is similar to that in conventional fibre, as it is also through the in-

ternal reflection withe the fibre core. However, the guiding property in fibre can be

engineered by modifying to the hole size and periodicity, which is not achievable in

a conventional fibre. Shifting of the zero dispersion wavelength as well as enhancing

the nonlinearity have been successfully achieved by using suitable engineering in

solid core PCF.

The third type of SC fibre, highly nonlinear fibre (HNLF), emerged around the

same time as PCF [14]. The particular silica-based HNLFs that we are using in

our setup are specially tailored to maximize their nonlinearity and minimize the

loss. Their core is doped with germanium dioxide and in particular their diameter

is decreased to (∼4 μm), compared with a conventional fibre (∼10 μm). With

such a tightly confined core, HNLF can have values of γ ten times bigger than a

conventional fibre [15].

In our system, we have utilised both PCF and HNLF for supercontinuum. Mod-

elling and experimental results are compared for the two fibre that are installed in

the system.
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3.3 PCF supercontinuum for broadband visible

coverage

After the pump beam passes through the beamsplitter, it is launched into a 12 cm-

long photonic crystal fiber (FemtoWHITE 800, NKTPhotonics) that is already in a

aluminium housing. The fibre itself has zero dispersion at 750 nm, with anomalous

dispersion above 750 nm and normal dispersion below. The nonlinear coefficient of

the fibre is 95 W/km at 780 nm. A Matlab modelling code that based on [16] which

was developed by Prof. Derryck Reid was used for modelling the supercontiuum.

Based on the properties of this PCF and our pulse characteristic, the simulation of

the pulse propagating in fibre is shown below.

3.3.1 Modelling result

The modelling (Figure 3.3) was done with the the laser set to 805 nm with 35-fs

pulse duration. The fibre output after coupling was 350 mW. As we can see from

Figure 3.3, the propagation of the pulse starts with symmetric broadening coming

from SPM [5]. This broadening is accompaniedly a compression in the temporal

domain. After around 5 mm, the broadening effect manifests itself asymmetric peaks

appearing on both sides of the pump. The broadening from the longer wavelength

side can be explained by the soliton fission along with SRS self-frequency shift to the

lower frequency side. For the lower wavelength region, its broadening effect caused

by soliton fission that comes from the third dispersion order along with FWM. Even

after a certain distance of propagation, the higher frequency end remain bound at

a fixed frequency, while the lower frequency components still undergo broadening

as Raman gain continues transferring the energy in the pulse from higher frequency

components to the lower frequency components [17].

3.3.2 Experimental work

The PCF was fixed on an xyz translation stage such that the collimation of the light

into the fibre was easier and more precise. Care was taken to ensure that the laser

beam propagated parallel to the optical table upon entering the fibre, as this affects
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Figure 3.3: Simulated spectral (left) and temporal (right) evolution of the pump
pulse propagating inside the fibre.

the coupling directly. The coupling efficiency was 50%. A 15 mm focal length, off-

Axis parabolic mirror (PM1) was set at the exit of the PCF to collimate the output

beam. The output spectrum was recorded with two different spectrometers (Ocean

Optics USB4000-UV-VIS and Ando AQ6317B). The results is shown in Figure 3.4.

We recorded the SC with two different input power levels in the process of trying

to determine the best power division ratio between the supercontinuum generation

and the OPO. An input power of 700 mW was measured before coupling into the

fibre with a 6.54 mm , Figure 3.4(b) was recorded, while the Figure 3.4(c) was

recorded when the input power was 600 mW with 300 mW output.

The SC result recorded with the higher input power showed a close resemblance

to the modelling result, in particularly the red end. There is more intensity shown

in the red end of the SC in the modelling result while more energy transferred to the

visible end in the experimental result. The modelling input assumed a perfect sech2

pulse, which could be one of the reasons behind the difference between modelling

and the actual results. Supercontinuum from a lower input power shows a much

lower intensity in the peaks of both ends of the spectrum and a shorter extension

in the red end. As the intensity required in astrocombs is not as essential as long

as its exists for wavelength coverage, we later settled on using 600 mW in order to
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Figure 3.4: a) Simulation results from supercontinuum through FemtoWhite PCF
in linear scale, along with their log scale counterparts in b). (c) and (d) are the
experimentally recorded SC when the input power was 700 mW with 50% coupling
efficiency in linear scale and log scale respectively. (e) the result for lower input
power. The insert on the left is the zoomed in version of the SC across 500 nm to
800 nm; the one on the right is the the zoomed in version of the SC across 850 nm
to 1150 nm. f) the SC of e) represented in log scale. The dotted blue line represents
the pump spectrum.

provide enough power for pumping the OPO.

3.4 Sumitomo HNLF supercontinuum for broad-

band infrared coverage

The fibres used to further extend the red end of the spectrum were HNLF 1 and

HNLF 2 from Sumitomo and they were connecterised by ALPhANOV. They are

both silica-based highly nonlinear fibres with a high concentration of germanium

dioxide doping, and therefore a much higher relative refractive index and nonlinear
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coefficient than a single mode fibre (24 Wkm−1 for HNLF 1 and 25 Wkm−1 for

the HNLF 2). The major differences between HNLF 1 and HNLF 2 are the zero-

dispersion wavelength, 1420 nm and 1490 nm respectively. We have two different

fibre length for HNLF 2 (0.4 m and 1.5 m) and one for HNLF 1 (0.5 m).

3.4.1 Modelling results

The modelling results of the pulse evolution of in HNLF 1 and HNLF 2 are shown

on the next page.

The modelling here is based on a OPO power of 150 mW with 70 mW coupled

into the fibre. The bandwidth of the OPO spectrum is 84 nm. The modelling results

of both fibres starts with a symmetric broadening from SPM, which then reaches at

a maximum at around 0.15 m for HNLF 1 and 0.22 m for HNLF 2. It then starts

being interrupted by spectral breathing in the red end, with soliton fission frequency

shift through Raman scattering, while the blue end tail remains unchanged. The

temporal evolution of the pulse indicated that the pulse is compressed until after

the broadening in the spectral domain starts. The modelling spectrum results are

shown alongside with the experimental result in the next section.

Figure 3.5: Modelling results for the spectral (left) and temporal (right) evolution
along the HNLF 1 fibre.
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Figure 3.6: Modelling results for the HNLF 2 fibre.

3.4.2 Experimental work

The HNLF being investigated was mounted on an xyz stage. An aspheric lens was

used for focusing the OPO output into the fibres. The other end of the fibre was

connected to a reflective collimator, which used a parabolic mirror inside to collimate

the fibre output beam. Both HNLFs had only 1/8th of the effective area of SMF,

therefore it was difficult to couple the light into the fibres directly. A SMF was used

first for alignment up to 90% coupling efficiency and was then replaced by a HNLF

fibre. The coupling efficiency was between 40% to 45%. With an output power value

around 60 mW from the fibre, spectral broadening was observed in all three of the

HNLF we tested. The resultant output spectra are shown in Figure 3.7, Figure 3.8

and Figure 3.9.

As we can see SC was only achieved in HNLF 2, where a broadening up to 2200

nm was observed in the HNLF 2 at both lengths, whereas in HNLF 1 only spectral

broadening was seen. There were also fringes in the wavelength range between 1800

nm and 2000 nm in both of the HNLF 2 spectra, which is the water absorption in

the air (Figure 3.8 and Figure 3.9). With very close nonlinear coefficient values,

the reason behind such a large difference could be because of the differences in the

dispersion of the fibre: the zero-dispersion wavelength of the HNLF 2 (1490nm) is
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closer to our centre wavelength than HNLF 1 (1450nm).

Figure 3.7: SC Result in the HNLF 1. a) shows the modelled result in linear scale
while b) in log scale. c) and d) is the experimental result in linear and log scale.
The blue dashed line is the input spectrum and the orange line is the SC output.

Figure 3.8: SC Result in the 1.5 m HNLF 2. a) and b) shows the modelled result
in linear and log scale, while c) and d) are the experimental result in linear and log
scale. The blue dashed line is the input spectrum and the orange line is the SC
output.
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Figure 3.9: Result in the 0.4 m HNLF 2

Although the spectrum seems to show very low signal between 1260 to 1400 nm,

this is likely because the incident power was not high enough: a fully illuminated

spectrum covering 1170 to 2000 nm was observed before when the OPO had a high

power output. However, the wavelength band between 1360 and 1410 nm is not

of particular interest in the EELT HIRES [18], therefore the spectral broadening

shown in the two HNLF 2 was enough to cover the IR region of HIRES requirement.

The modelled spectra of both fibres show strong peaks on the red side of the

pump. The experimental result for the longer HNLF 2 has a much more flattened

peak at the red end while the modelling result is more red shifted. The blue end,

along with the region around 1600 nm, of the modelled and experimental results are

quite similar, The differences in the red end could be caused by the absorption in

the fibre from 1800 nm to 200 nm. The fact that our OPO output is not transform

limited and the pulse shape is not an ideal sech pulse could be one of the causes

behind the differences. Our OPO pulse spectrum also showed a more structured

base compared to the ideal spectrum we used for modelling.

The above set of results was recorded before the first revision (see Chapter 2).

This was later not accessible as the laser condition changed. The OPO output after

the first revision was 120 mW with a 120 nm bandwidth. The result from the shorter
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Figure 3.10: a) and b) are Modelled result from HNLF 2 in linear and log scale.
c) and d) Experimental result from a shortened (0.38 m) HNLF2 in linear and log
scale.

HNLF 2 with 50% coupling power (60 mW coupled into the HNLF) output is shown

in Figure 3.10.

Here we can see how the reduction in power impacts the SC output. Even

though the OPO pulse duration used here was about 10 fs shorter than the OPO

pulse used previously (Figure 3.9), the peak at the blue end drops considerably

in its power while the broadening in red end has reduced. The modelling result

shows more red-shift compared to the experimental result. Along with the possible

reasons mentioned above, the fact that one end of fibre was by this time damaged,

requiring use of a Thorlabs bare fibre connector as a replacement, could also add to

the reasons. The increases in the intensity between 1300 to 1500 nm could be an

evolution of the sides bands of the OPO in the fibre.

3.5 A fully stabilised frequency comb system

From the last few sections, we have now arrived at a 1-GHz broadband coverage

from 550 nm to 2200 nm. The full spectral coverage of the output from the system

is shown in Figure 3.11. However, it is not yet a ”true” frequency comb system
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before the stabilisation processes take place.

Recalling from Chapter 1, every comb line in a frequency comb system can be

expressed as:

f(n) = nfrep + fCEO (3.16)

Both the repetition rate and carrier-envelope-offset frequency are constantly sub-

jected to environmental effects, for example because of laser’s own temperature

changes. This can lead to drifting and instability in the comb mode spacing and

exact position. Therefore, to arrive at a true frequency comb system, frep and fCEO

must be locked with a stabilised frequency reference (Rubidium in our case) such

that the distance between the comb lines is fixed and the starting point of the comb

is constant. The fixed phase locking relationship between the pump and the OPO

output implies that only stabilisation of the master comb source is needed.

Figure 3.11: Full spectral output from the system including the visible supercon-
tiuum (in green) from the Ti:sapphire output (in red) and the NIR supercontiuum
(black) from the degenerate OPO (blue).

3.5.1 f-to-2f interferometry for Ti:sapphire laser fCEO sta-

bilization

The f -to-2f interferometer is shown below:

This is fundamentally a Michelson interferometer but designed to maximise the

common paths shared by the two beams, in order to reduce the difference in drifts

coming from the surroundings. The set-up is built based on the common path
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Figure 3.12: A more detailed illustration of Section a) of the astrocomb setup,
showing the f -to-2f interferometer.

interferometer in [19]. The 532 nm and 1064 nm of the PCF SC output were used for

the locking and stabilization process. The rest of the light was picked off (through

BS2) and used as the visible wavelength part of the astrocombs system. A half

wave plate (P1) rotated the polarization of the 532 nm light to the vertical position

without changing the vertical polarization of the 1064 nm. This allowed the separate

green light generation from the 1064 nm with use of a 2 mm long Type-I LiB3O5

crystal. These two perpendicularly polarized light beams were then separated by

a Wollaston prism (WP). The prism sat on a linear stage, which allowed the delay

of the two beam paths to be adjusted. The two beams were incident on a curved

mirror (CM), reflected back and propagated at an angle lower than the incident

angle one. The beams were picked up by a D-shaped mirror (DM), and passed

through a polariser to balance out the power between the two green beams as well

as a 532 nm interference filter to reduce the noise of other green upon detection by

an avalanche photodiode.

Once the the components of Figure 3.12 were put together, an extensive align-

ment procedure was required to ensure beams were flat and had the correct polariza-
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tion, as well as being spatially and temporally overlapped. Following this, the setup

was optimized to find the highest efficiency of the SHG and the correct balance of the

incident power from both green light beams. Once all of this was achieved, frep can

be seen on the RF spectrum analyser through APD. With further optimisation of

the system, fCEO became observable, with the measurements shown in Figure 3.13.

3.5.1.1 fCEO locking electronics

Figure 3.13 shows the frep, 2fn + f2n and 2fn – f2n beat that were described in

chapter 1.2.1. The flow chart of the fCEO locking setup is described in Figure 3.14.

An APD (APD210, Menlo System) was needed to detect these signals as they were

extremely weak and required very sensitive detection and amplification. The APD

covered a visible range of 400–1000 nm with 3-dB bandwidth of 1000 MHz, which

is suitable for detecting our signals.

Figure 3.13: The RF spectrum of the signal detected on the APD in the f -to-2f
interferometry. The first signal from the left is 479 MHz coming from the difference
of 2fn and f2n. The second signal is 518 MHz from the sum of 2fn and f2n, while
the 998-MHz peak is frep
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Figure 3.14: The electronics schematics for locking the fCEO through the beat signal
achieve by f -to-2f interferometer.

The APD signal was sent through a low pass filter of 500 MHz to eliminate the

relatively strong frep signal and prevent damage to the amplifier that came after.

As the typical CEO signal was less than -35 dBm, and usually a minimum of -20

dBm was needed for locking, amplification of the signal was often necessary. A

Mini-Circuits amplifier was used to amplify the signal by a gain value of 25 dB.

Afterwards another low-pass filter was used to clear out the higher beat signal, such

that a cleaner RF signal could be sent into a comparator along with the signal from

a Rb-stabilized microwave frequency from a synthesizer (SRS SG394). The signal

was tuned to close to the beat frequency as the comparator (Pulse Research Lab,

PRL-350TTL) takes the two signals and transferred them into TTL output. These

were then sent into a phase sensitive detector (PSD) to produce at an error signal.

The PSD was made in the at Heriot-Watt University. The circuit (shown in Figure
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3.15) is based on is based on the one described in [20, 21].

Figure 3.15: The circuit diagram inside the PSD edited from [20, 21].

When the TTL processed fCEO beat signal and the reference signal enter the

PSD, they each first pass a D type flip-flop circuit (A and B). These two circuits

would then half their frequencies after being triggered by the rising edge of TTL

input signals. Afterward the beat signal enters a 4-bit UP counter (C), and the

reference signal enters a DOWN counter (D). The rate of the counting depends

on the TTL input signals: if the frequency of the beat is faster (slower) than the

reference then the up counter would be faster (slower) than the down counter. They

then both are add together by an adder (E). When the adder becomes 0 or 15,

saturation logic (G) kicks in and prevent the corresponding flip-flop circuit from

triggering ((B) if 0, (A) if 15). If the two inputs have the same frequency and the

same phase, then the output of the adder will remain constant as the counters would

be the same for both. However for inputs which have same frequency but different

phase, the output of the adder would be switching between 0 and 1 because of the

delay of the rising edge causing by the phase difference. The output from the adder

therefore contain the phase difference information of the two signals. It is then be
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transfers into an analogue signal through a D-to-A converter (F) and outputs to a

proportional-integral servo controller (New Focus LB1005) that is described in detail

in Chapter 4. The PI box then takes the difference value, and outputs a correction

signal to the pump diode control. Through fine adjustment of the condition of the

pump laser, and therefore the cavity dispersion of the Ti:sapphire laser, the fCEO

of the output pulse is then adjusted. By minimizing the error signal between the

those two, the fCEO of the laser is locked.

Figure 3.16: RF spectrum of the locked fCEO beat signal

The locked fCEO has an instrument limited bandwidth of 5 Hz centered at

454 MHz. The 12-kHz peaks on both sides of fCEO indicate the upper limit of

the feedback loop system which is determined by the locking mechanism and its

setting. The other smaller f − fCEO peaks, around 6 kHz are potentially the noise

and instability coming from laser.

3.5.2 frep stabilisation of the laser

A 8% reflection pellicle beamsplitter in our Ti:sapphire laser beam sampled light

for frep locking as shown in Figure 3.4. The light was detected by a fast GaAs

photodiode (ET-3500 Electro-Optics Technology) and the signal split into a RF

spectrum analyser and an amplifier. The observed frep signal and its harmonics are

shown in Figure 3.18. The signal then passed through a band-pass filter for isolating

the eighth harmonic of the repetition rate, which entered a mixer with a reference

signal from a frequency synthesiser (FSL-0010 QuickSyn Lite). The output of the
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mixer was then sent into a PI box that was connected to a piezo inside the laser

cavity, which gave us control over the cavity length and therefore the repetition rate.

The synthesiser used an external Rb local oscillator (Spectratime) as a reference.

Its frequency was manually set be less than 100-Hz difference from the eighth har-

monic of the repetition rate observed on the RF spectrum analyser. The differences

of the frequencies could be observed on the oscilloscope; using this we reduced the

differences between synthesised signal and 8frep. Once the values were at a mini-

mum, the repetition rate could be stabilised through the PI box control over the

pizeo.

As the locking was based on the difference values, when frep rate was locked to

the eighth harmonic, it had a relative locking accuracy eight times higher than when

it was locked to the first harmonic.

The result of our repetition rate locking is shown in Figure 3.18. The laser was

locked to 7984 MHz, 8th harmonic of the frep, with a 1.5-Hz FWHM bandwidth.
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Figure 3.17: A schematic of the frep locking mechanism.

Figure 3.18: (Left)frep and its harmonic signals from the RF spectrum analyser.
(Right) A zoomed in to the locked 8th harmonic of frep signal.
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3.6 Conclusions

This chapter began with an examination of the potential spectral and temporal

effects on the pulse under the nonlinear properties of the fibre media. Through a

general study of the NLSE, a brief review of the nonlinear processes mediated by the

χ(3) nonlinear susceptibility was conducted explaining the origin of supercontinuum

as the interplay between linear dispersion and third order nonlinearity. Along with

an overview of the types of fibre available, we reviewed into our experiments of using

PCF and HNLF for supercontinuum in order to generate sufficient bandwidth for

HIRES.

After achieving the broadband spectral coverage that we needed, discussion of the

stabilisation procedures of the fCEO and frep of the system followed. Together with

the locking results shown, we demonstrated a nearly-gap-free 1-GHz fully stabilised

frequency comb system from 500 nm to 2200 nm.
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Chapter 4

Dither-free OPO stabilization using

parasitic sum-frequency mixing

4.1 Introduction

Chapter 3 detailed the work carried out to achieve a fully stabilized, broadband

1-GHz frequency comb system using a visible supercontinuum module along with

a dither-locked OPO. As described in Chapter 1, an ideal astrocomb system will

be sufficiently versatile to have different mode-spacings to match the spectrograph’s

requirement, and so the next experimental step would be to filter the 1-GHz OPO

output with Fabry–Pérot cavities. However, when this was first attempted the

output was hindered by residual noise produced by the dither-locking modulation.

Therefore, an alternative locking mechanism of the OPO that gave a low noise

output was required. In this chapter, previously reported stabilization techniques

of femtosecond degenerate OPOs are surveyed and reviewed, before introducing

our new technique which was based on sum-frequency mixing (SFM). The result

was reported in a peer-reviewed journal in 2020 [1]. The performance of the OPO

under SFM locking is reviewed and compared to the performance of the OPO under

dither-locking. The comparison shows SFM locking provides stable operation and

significantly lower noise, making Fabry–Pérot filtering of the OPO modes possible.

4.2 Review of cavity stabilisation techniques

As mentioned in Chapter 2, precise control of the cavity length is a critical criterion

for continuous operation in a femtosecond degenerate OPO. Since the first realization
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in 2008, researchers have explored different approaches for maintaining a stable

output, as summarized in Table 4.1. below. In general, the approaches can be

categorised as active or passive stabilization, where DL stand for dither-locking, TL

stand for thermal locking and SOF stand for side-of-fringe locking.

Table 4.1

Year Ref. Locking

method

Rep rate &

Pump laser

Crystal ∆τ 1 (fs) DRO wave-

length (nm)

2008 [2] TL 80 MHz

Ti:sapphire laser

PPLN 70 fs λc =1550

∆λ = 50

2011 [3] DL 100 MHz

Er-fiber laser

PPLN 91 fs 2500 to 3800

2011 [4] TL 182 MHz

Cr2+:ZnSe laser

OPGaAs \ 4400 to 5400

2012 [5] TL 100 MHz

Er-fiber laser

PPLN \ 2500 to 3800

2012 [6] TL 75 MHz

Th-fiber laser

OPGaAs \ 2600 to 6100

2012 [7] TL/DL 1 GHz

Ti:Sapphire laser

PPLN 50 fs 1500 to 1700

2012 [8] DL 36 MHz

Yb-doped fiber

laser

PPLN 33 fs 1850 to 2300

2015 [9] DL 1 GHz

Ti:sapphire laser

PPKTP 23 fs λc =1600

∆λ = 169

2015 [10] TL 418 MHz

Th-fiber-laser

OPGaAs \ 3300 to 5000

2017 [11] Indirect

SOF

250 MHz

Er:fibre-laser

PPLN \ 2900 to 3400.

2018 [12] DL 10 GHz

Ti:sapphire laser

PPLN 46 fs λc =1634

∆λ = 90

2018 [13] TL 150 MHz

Yb:fiber-laser

PPLN \ 4800 to 5400
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2020 [14] SOF 100 MHz

Er-fibre Laser

PPKTP \ 2800 to 3570

2020 [1] Indirect

SOF

1 GHz

Ti:sapphire laser

PPKTP 35 fs λc =1610

∆λ = 79

1 ∆τ indicate the pulse duration of the DRO output.

4.2.1 Thermal locking

Passive stabilization techniques utilise the absorption properties of nonlinear crystals

[10]. Usually, one of the mirrors in the cavity is attached to a piezo allowing tuning

of the cavity length to search for a degeneracy point. When the cavity length is

approaching that point, the accumulating field within the cavity increases, hence

the absorption loss inside the crystal rises, leading to an increase in temperature.

The optical path length of the beam inside the crystal increases accordingly. This

causes the OPO cavity length to deviate from the ideal resonance point. The field

within the cavity drops and reduces the absorption loss in the crystal. The cavity

length declines back to its resonance point and therefore the field grows again - this

process repeats itself until a equilibrium point is reached where the OPO maintains

a continuous operation without external perturbation [10, 15]. Although this type

of OPO sounds straightforward, it is highly sensitive to environmental perturbation.

Without interruption, it can usually remain stabilized for only up to an hour, with

the exception of materials that have high thermal properties, such as GaAs. Even

so, the output power from such OPOs has been have shown to have fluctuations as

high as 30%, simultaneously accompanied by a variation in the output spectrum [7].

4.2.2 Active locking techniques

For an OPO to produce a longer-lasting and stable output, a closed-loop control

system (as shown in Figure 4.1) is usually needed to actively control the cavity,

allowing its output to be compared to a reference signal. The difference of the values,

which is known as the error, would then been processed through the proportional-

integral servo controller (“PI box”) described in Figure 4.2. Before sending out as a

correction signal to the system, for example a piezo actuator with a mirror mounted
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on it to reduce the differences through finely adjusting the cavity length, the error

signal has to be conditioned through two amplifiers inside the PI box. The first term

is the product between the error and the gain value (the ”proportional” section).

The second term is derived from the sum of error values (the ”integral” section),

that acts as a moving bias to our output, used to correct possible oscillation and

offset coming from the proportional part.

Figure 4.1: A typical closed-loop feedback control system. A photodiode is usually
used to monitor the output from the OPO, sending the detected signal to a lock-in
amplifier along with a reference signal for the correction signal to feedback to the
system. This can be done with a PI box.

Figure 4.2: A simplified schematic of the signal processing in the PI box that we
are using (LB1005 Servo Controller)[16]. The signal from the photodiode is input
through either A or B and compare the offset. The differences between will be
output as error signal into the proportional-integral (PI) filter. Through controlling
the gain, P-I corner and LF gain limit, we can decide how strong our control is.
VControl will then combine with the sweeping signal that we supply into our actuator,
which result in the correction signal that we use for active cavity length control.
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4.2.2.1 Top-of-fringe dither locking

In this type of locking, one of the mirrors in the OPO cavity is inserted on a piezo

stage for slowly detuning the OPO cavity length over a distance of several microns

scale, while a second, short travel piezo transducer provides a kHz-level dither over

a few nm. Taking our OPO as example (Figure 4.3), where PZT1 is tuning at a

distance of 10 microns at a 5-Hz rate. As the length is swept, different resonance

peaks can be observed using a photodiode (as shown in Figure 4.3 and 4.4). As

described in Chapter 2, the cavity length must be locked to the highest point (A) of

the resonance peak to access the highest potential output power from a degenerate

OPO. Of course, the reference signal could be set to Voffset to the peak value,

such that if the cavity length deviated from the peak resonance point, the PI box

would send a correction signal to the actuator and attempt to fix the cavity length.

However, as the correction signal is based on the differences (Figure 4.2) between

Voffset and Vinput, the correction signal is the same regardless of which direction of

the peak the cavity is deviated to. To approach this problem, the derivative of the

signal is used instead. In this case, Voffset can be set as zero - which corresponds to

the derivative value of the resonance peak. The actuator can identify which direction

it should move in as the direction of deviation would be indicated in the sign of the

correction value.

Figure 4.3: Schematic of our OPO in dither locking setup. PZT1 is set up for
the slow scanning of the cavity while PZT2 is for dither-locking at 10-kHz, a more
detailed electronics structure is provided later in this chapter.

The word “dithering” describes the process of how one arrives at the derivative

value of the signal. A small but high frequency signal ∆f is sent to a second

piezo (PZT2 in Figure 4.3) connected to an element in the cavity leading to a ∆l
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scanning; while the stronger but slower signal continuously scans the cavity through

PZT1 until the locking has been turned on. Such small modulations lead to a ∆A

intensity fluctuation of the kind that is shown in Figure 4.4.

Figure 4.4: (a) As the actuator detuning the cavity length, intensity profile of each
resonance peaks is shown. (c) Derivative signals of the each of the peaks when
dithering the cavity. (b) and (d) shown that zoomed in version of peak one, the
highest power degenerate peak we aim to lock onto.

As described in Figure 4.5, the slope of the signal is equal to ∆A/∆t. The

detected signal, S(t), is sent into a mixer along with the original dither signal,

Asin(2πft), where A is the amplitude and f is the dither frequency. The resultant

is therefore equal to:

M(t) = S(t+ A sin(2πft)) ∗ S(t) (4.1)

The multiplier function of the mixer acts as a lock-in amplifier filtering out any

signal which is not of the same frequency of the dither signal, where the slope of

S(t) can be extract from the Fourier components of M(t). After removing the dither

frequency with a low-pass filter, the resulting is a single derivative output which is

proportional to the input signal amplitude. The derivative error signal is then sent

into the PI box for further processing into a correction signal [17].
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Figure 4.5: Stimulated resonance peak in blue and resulting derivative signal in
orange after dither modulation mixing with a local oscillator and low-pass filtering

This type of OPO can be locked for days without major environmental interrup-

tion. However, the OPO output is also subject to a constant-kHz small modulation,

which can prove to be problematic if further extension of the system is needed.

Figure 4.6: The specific dither-locking diagram in our OPO. The 10-kHz sinusoidal
wave was sent into the OPO high reflector which is mounted onto a piezo as the
dither signal, while the 5-Hz triangular wave is sent into the piezo stage for scanning
the cavity length.
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4.2.2.2 Side-of-fringe locking

One way to avoid the dither-lock modulation is to directly lock on to a point on the

slope of the peak, which can be easily done with only a closed-loop control system

as described in Figure 4.1. However, this provides no access to the highest power

output from the OPO because the locking point of the cavity length can only be

the sides of the peak. Extending the NIR coverage of the degenerate OPO through

using a HNLF supercontiuum requires operating the OPO at its maximum power,

so a basic side-of-fringe lock is not practical.

4.2.2.3 Locking with spectral selection

The OPO described in this work, as described previously, used dither-locking tech-

niques to maintaining continuous operation at degeneracy. A more detailed locking

scheme is described in Figure 4.6. As mentioned in the introduction, the noise pro-

duced in a dither-locked OPO became a problem when the Fabry–Pérot filtering was

required after the OPO output. The review of the literature provided by Table 4.1

shows many demonstrations of dither-locking and thermal locking, of which neither

is ideal for this work. In recent years, researchers have demonstrated the potential of

stabilizing an OPO without modulation. Vainio et al. [11] provided an indirect way

of stabilizing the cavity using side-of-fringe locking. Unlike the side-of-fringe lock-

ing described previously, this method locks the cavity onto a signal which is directly

related to the OPO output. Vainio et al. [11] frequency doubled a narrow portion

of their OPO MIR comb at 3260 nm using a long PPLN crystal as shown in Figure

4.7. They used the fact that the SHG was highly dependent on the spectral shape

of its source. By tuning the portion of the OPO output for SHG, they adjusted the

output peaks of both to a point where the slope of the SHG signal corresponded to

the OPO at a cavity length with the highest fundamental peak point. They were

able to achieve highly stable OPO operation for more than an hour, with a power

SD of only 0.3%. Another interesting approach would be to spectrally select only a

portion of the OPO output with the use of diffraction grating, as described in 2020

by Loparo et.al. [14]. Although some of the output power would be lost during

this process it would provide a similar effect as in [11] and give a dither-free DRO

output.

112



Chapter 4

Figure 4.7: Schematics of the locking setup from Vainio paper in 2017. The power
profile of both MIR and the SH power are shown on the upper right corner. The
slope of blue curve at peak A is where they locked on to.

4.3 Stabilisation through sum-frequency-mixing

4.3.1 Concept

Inspired by Vainio et. al, in this new approach, we looked for a more direct and

simpler method to achieve a low noise, stable output while optimizing the power we

could employ from the OPO. We looked into an already existing by-product of the

OPO - the sum frequency mixing (SFM) green.

As mentioned in Chapter 2.4.2, the parasitic green is the mixing between OPO

(1600 nm) and pump (800 nm). It is therefore highly dependent on the behavior of

the OPO output in both the spectral and time domains. To investigate whether the

green light could be used for locking, we studied the SFM spectrum when the OPO

locked to the degenerate peak. We observed in Figure 4.9 that the full spectrum

of the SFM green spans across 510 nm to 540 nm with two major peaks at 513

nm and 517 nm. Considering that the multiple peaks in the spectrum would cause

a complication in their intensity profile in the time domain, we inserted a 532 nm

interference filter with 3 nm bandwidth for narrowband selection, as shown in the

schematic in Figure 4.8.
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Figure 4.8: OPO setup with the SFM locking.

By rotating the filter, when the incidence angle increased to 19◦, a peak power

profile (corresponding to a single uniform peak in spectrum as in figure Figure 4.10)

showed up with the peak position of the OPO corresponding to a point on slope of

the green parasitic away from normal incidence, different parts of the green spectrum

were transmitted. We also investigated how the green parasitic peak intensity profile

related to the primary degenerate peak as the piezo was used to scan the cavity

length. Figure 4.10 shows how the power profile behaved with the tuning of the

filter. The multi-peaked structure shown in Figure 4.10(a) to (c) corresponds to the

non-uniformity in the spectrum structure, as see in Figure 4.9.

Figure 4.9: The shaded area is spectrum of the sum-frequency mixing of the OPO
operated at degeneracy. The dashed curve is the transmission profile of the 3 nm
filter centred at 532 nm. The other coloured curves are the transmitted spectra
recorded as the filter angle was tuned from normal incidence.

When the incidence angle increased to 19◦, an average output power profile

(corresponding to a single uniform peak in spectrum as in Figure 4.7) appeared,
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with the peak position of the OPO corresponding to a point on the slope of the

green parasitic, indicating the possibility for an indirect side-of-fringe locking that

could access locking at the position of the highest possible OPO peaks.

Figure 4.10: Intensity profile of the peak A of the degenerate OPO output with a
dashed red line indicating the highest peak point. Parasitic SFM output of 520 nm
is shown in a solid green line. Graphs (a) to (d) as the angle of the interference
filter was increased from 3.5◦ to 19◦, in which the right slope of the SFM fringe is
aligned with the centre of the OPO fringe, enabling a side-of-fringe locking to the
SFM light at this position

4.3.2 Performance characterisation

The locking electronics for SFM locking are straightforward compare to the dither-

locking one. A LB1005-S high-speed servo controller is used for implementing the

feedback system described in Figure 4.1, with the reference voltage set at the point

on the slope which corresponding to the peak of the OPO DFG output shown in

Figure 4.10. An investigation of the power output, spectra and noise was conducted

the results are summarized in Table 4.2.

Table 4.2

Average

power

Power

fluctuation

over an

hour

FWHM FWHM

standard

deviation1

Relative In-

tensity Noise

(RIN)2

DL OPO 120 mW 0.5% 76 nm 0.46% 4.7%

SFM OPO 117 mW 0.11% 79 nm 0.36% 0.77%

1Standard deviation of the FWHM of ten consecutive OPO output spectrum.

2Measurement performed over 10s (frequency covered from 31-kHz to 0.125-Hz)
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The OPO could be stabilized with only small fluctuations for up to an hour.

With the use of a Thorlabs power meter for data logging the power output for 45

minutes, I calculated a standard deviation of 0.11% which is considerably lower

than the 0.5% from the dither-locked OPO. The consistency of the spectra was also

examined. Ten spectra were measured after each time the OPO was unlocked and

re-locked to the same point and were taken over twenty minute’s intervals. The

results are presented in Figure 4.11 and Figure 4.12.

Figure 4.11: Dither locking ten consecutive spectra recorded over 20 mins along
with the SD values of all ten spectra across each wavelength.

Figure 4.12: Spectra from side-of-fringe SFM locking. As we can see from the very
much overlapped spectra in the upper panel, the latter method provide a much more
consistent spectrum output.

The spectral bandwidth standard deviations from both SFM locked and dither
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locked OPO are of very similar scales, between 0.9% and 1%. However, a lower SD

values over each wavelength values in the spectra can be observed in SFM locking,

as indicated in the lower panels of Figure 4.11 and Figure 4.12

4.3.3 Relative intensity noise measurement

The main problem with a dither-locked OPO output when it comes to mode-filtering

is the noise behavior. To understand how noisy the SFM locked OPO was, we per-

formed a relative intensity noise measurement (RIN). The RIN of a signal is its rel-

ative fluctuation over a 1-Hz bandwidth, which can be defined as the mean-squared

noise power divided by the square of the average power [18]. The data were recorded

using a photodetector along with a TiePie digital oscilloscope. The fluctuation of

the OPO power was calculated by subtracting each power measurement from the

average power. Through Fourier transforming the data, it was possible to observe

how the noise properties behave at different frequencies [19].

The range of frequencies which the measurement could address was limited by

the Nyquist frequency and the total sampling time. With a sampling rate of 50-kHz

over 400 s, we calculated a cumulative RIN along with phase noise properties as

shown in Figure 4.11. The majority of the noise in DL OPO came from the 10-kHz

dither-lock breakthrough (3.4%), as well as a 20-kHz harmonic (0.9%). While the

overall cumulative noise was six times lower, most of noise in the SFM locked OPO

came from region between 1-Hz to 10-Hz

Figure 4.13: RIN measurement of the dither-locked OPO (blue) and SFM-locked
OPO (orange)
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4.4 Conclusions

In this chapter I have reviewed the principal locking techniques other researchers

have used in the past for DRO stabilisation. A dither-free degenerate OPO was

then presented which has six-fold less relative intensity noise, high spectral stability

and allows operation at the highest output power was then presented. This new

technique can be implemented with a much simpler electronics loop than the dither-

locking method and was the subject of the publication in Optics Letters [1]

In the next chapters I will describe progress towards achieving a 10-GHz fre-

quency comb along with comb-line identification, which is expected to be benefit

greatly from the improvement in noise availble using an SFM side-of-fringe locked

OPO.
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Chapter 5

Generation of visible and near-infared

10-GHz astrocombs with modal

identification

5.1 Introduction

Precise identification of the astrocomb modes is a difficult challenge for a high-

resolution spectrograph. As mentioned in Chapter 1.3.1.2, ELT-HIRES specifies

a calibration system which provides at least 2.5 pixels per spectral resolution ele-

ments [1], suggesting a frequency comb system with a mode spacing between 6-GHz

to 40-GHz, depending on the wavelength region targeted. The main objective of this

chapter is to describe an approach towards this challenge using Fabry-Pérot cavities

(FPC) to produce the astrocomb and Fourier transform spectroscopy to process it.

In this chapter I start by looking at the working principle behind FP modal filter-

ing. I then discuss the dilemma of choosing the most appropriate properties of the

FP as well as the uncertainties in determining comb-mode positions after filtering.

The fundamental theory of the Fourier transform spectrometers (FTS) will also be

described, followed by an illustration of the construction and alignment of the ex-

periment setup. The 10-GHz filtering in both the visible region and infrared is then

described. A detailed description of the data retrieval process is presented, showing

that, through using a Rb-stabilized reference laser, along with Fourier transform

analysis, that the absolute mode numbers of the filtered comb modes can be iden-

tified with high accuracy. An experiment measuring the heterodyne beat between

the Rb reference laser and the Ti:sapphire master source comb is presented, such
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that the fCEO of the master comb can be confirmed with the comb mode positions

determined by the FTS experiment. The underlying experiments and data analysis

of this chapter have led to a paper [2] which has published in Journal of Optical

Society America B.

5.2 Modal filtering with Fabry-Pérot cavities

5.2.1 Operating principles of a Fabry-Pérot cavity

Figure 7.3 illustrates a typical FP cavity, which consists of a pair of parallel, highly

reflective mirrors separated by a distance l. When the input field (Ein) enters the

FP cavity at an angle α and incident on the mirror M2, the majority of it is reflected

towards mirror M1, while the rest is transmitted out of the cavity.

Figure 5.1: Multiple reflections and transmissions of the incident beam traveling
in/through the FP cavity which leads to interference.

For simplicity, let’s consider only cases where the incident beam enters perpen-

dicular to the mirror surface. The first transmitted beam, E0,out, through M2 would

be described as [3, 4]:

E0,out = Eint
2ei

φ
2 , (5.1)

where

φ = π
4l

λ
. (5.2)

This is the phase acquired after a round-trip travel within the cavity, assuming both

mirrors have the same reflection coefficient of R and transmission coefficient of T ,
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and there is no additional phase introduced by the mirrors coating. Each mirror

has an amplitude transmission coefficient of t =
√
T and an amplitude reflection

coefficient of r =
√
R.

The attenuated beam from the first reflection will then ricochet between the two

mirrors. After the first round-trip, the transmitted beam becomes [4]:

E1,out = Eint
2ei

φ
2 r2eiφ (5.3)

Where r accounts for the reduced amplitude reflecting from each mirror surface and

the extra eiφ coming from the round trip phase. After n round trips, the output

beam, En,out, is:

En,out = Eint
2ei

φ
2 (r2eiφ)n (5.4)

As the beams interfere with each other, the total field coming out of the cavity

becomes:

Etotal,out = Eint
2ei

φ
2 (1 + (r2eiφ) + (r2eiφ)2 + ....) (5.5)

with r2 = R and t2 = T . The expression of (1 + Reiφ + (Reiφ)2 + ....) can be

approximated by 1
1−Reiφ . The ratio of the output to the input fields is:

Etotal,out
Ein

=
Teiφ/2

1−Reiφ
(5.6)

When φ = N2π + π, with N being an integer, minimum transmission occurs with

the ratio:
Etotal,out
Ein

=
T

1 +R
(5.7)

On the other hand, if φ = N2π, maximum transmission happens with ratio:

Etotal,out
Ein

=
T

1−R
(5.8)

Combining with Equation 5.2 yields:

l = N
λ

2
(5.9)

This shows that standing wave condition must be fulfilled for maximum transmission
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to happen. As a result, the electric field inside the FP builds up to form constructive

interference. Assuming no absorption loss in the mirrors, the transmittance T is

equal to (1−R). The intensity of the beam transmitted through the FP cavity can

be derived using Equation 5.6 as following:

I = |Etotal,out|2

= |Ein
(1−R)eiφ/2

1−Reiφ
|2

= I0
(1−R)2

(1−Reiφ)(1−Re−iφ)

= I0
(1−R)2

(1−R)2 + 4R sin2(φ/2)
(5.10)

The reflectance and transmittance of the FP throughout a given wavelength range

depends on the mirror’s coating, which along with mirror separation (as we can see

from Equation 5.2 and 5.10), heavily affects the output of FP cavity.

5.2.1.1 Reflectance/transmittance and finesse

The transmittance properties of the FP mirrors determine the resolving power of

FP, also known as the finesse [5]:

F =
π
√
R

1−R
(5.11)

The full width half maximum (FWHM) width of the transmitted peak σ is defined

as:

F =
FSR

σ
(5.12)

These two equations show that the higher the reflectively, the narrower the FP

transmission function becomes, allowing more precise localisation of the comb peaks

to be obtained when using a FP as a mode-filtering element in an astrocomb system.
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5.2.1.2 Cavity distance and modal subset ambiguity

As the nth FPC mode fulfills the requirement stated in Equation 5.9, with a mirror

separation of l, and a wavelength of λ, its next neighbouring modes, also matching

such a condition, can be described as:

l = (N + 1)
λ2

2
= (N + 1)

c

2v
(5.13)

The differences of the two neighbouring modes is therefore:

δv =
c

2l
(5.14)

The frequency difference, δv, between the two neighbouring modes is referred to as

the free spectral range (FSR). For FP cavity with a distance l which is 1
M

times the

cavity length of the source comb (whereM is an integer number). This implies that it

will pass every M th mode of the source comb with all other modes being suppressed,

because the FSR of the FP is M times that of the source comb. Therefore, the

average power of the beam is M times less than the source beam, and the peak

power is replaced by a factor of M2.

Figure 5.2 presents schematically the behavior of a FP cavity, showing that only

very small cavity length displacement, different modal subsets are filtered out from

the master source comb, leading to potential uncertainties regarding which subset

was filtered. This illustrates the need for a way to understand the filtered comb

mode modes. Although a FTS with a sufficient spectral resolution would allow the

filtered combs to be reconstructed, further data analysis (Section 5.4) is needed to

provide an sufficiently precise identification. The sensitivity to the cavity length

also indicates that a suitable FPC stabilisation technique is needed to make sure

the comb-modes filtering remains consistent throughout the measurement.
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Figure 5.2: Illustration of FPC filtering. (a) A dense comb source with a mode
spacing of frep filtered through a FPC, selecting a subset of comb modes with new
spacing, and each possible filtered subset is indicated by a different colour. (b)
Modelled transmission profile of the FP resonances with a wavelength of 1600 nm
as the cavity length is scanned. With only μm-level displacement the output from
the FPC can be any one of several neighboring subsets and so uncertainty arises in
the exact set of filtered mode

5.2.2 Considerations for an astrocomb

Figure 5.3 was modelled based on Equation 5.10, which shows how the transmitted

combs modes change with different resolving power. We can see that the lower the

finesse, the higher is the background between the two filtered comb modes, which

potentially allows unwanted comb modes to be transmitted. As indicated in Equa-
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tion 5.12, a wider FPC transmission peaks would also be expected. Along with poor

suppression of unwanted modes, the accuracy of the fitting to those resonances could

be affected. The modes filtering requirements depend on wavelength with astrocomb

mode spacings being between 5-GHz–16-GHz for wavelengths between 550 nm to

1800 nm [5]. More widely spaced combs are more demanding to generate because of

the need to achieve a higher FSR while maintaining σ for nearest-neighbour mode

suppression.

Figure 5.3: Modelled FP transmitted modes based on different reflectance: 40%
(green), 60% (red), and 97% (blue)

On the other hand, although a high finesse cavity can produce a narrower comb

lines, the transmitted power is also reduced, which can potentially lead to insufficient

power for the calibration. Such an approach would also impose stricter the coating

requirements for the mirrors. Figure 5.3 was modelled for an ideal case where

no dispersion exists. Practically, an additional phase change is added to the field

(φ value in Equation 5.2) after every reflection from the mirror. As mentioned in

Chapter 1, the amount of dispersion a beam experiences is wavelength dependent;

if the dispersion of the cavity is not properly controlled, different comb modes will

experience different phase shifts. This can lead to ineffective filtering and a difference

in the FSR across the spectrum, which can cause asymmetry and sidebands on

either side of the transmitted mode and therefore a shift in the centre of mass of
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an astrocomb line. The combs mode position can therefore misaligned. Ensuring

a low GDD across the operational bandwidth is essential for achieving high quality

filtering, which means a certain amount of trade-off is needed between the finesse

and the bandwidth of the FP.

Using several different FPCs for filttering, such that each is only responsible

for a narrower bandwidth, can help to relax this trade-off. Another approach is

to start the system with a wide-mode-spacing master comb (e.g. 1-GHz), which

allows a lower finesse design. With FPCs comprising complementary dielectric-

coated mirror pairs, which allow the roundtrip group delay dispersion (GDD) to be

tailored to as close to zero as possible, the bandwidth of the FPC can be maximised

while maintaining a constant finesse (see Section 5.4.1).

5.3 Spectral reconstruction with the Fourier trans-

form spectrometer

The fundamental layout of an FTS is based on a Michelson interferometer as depicted

in Figure 5.5.

Figure 5.4: A typical setup of a Michelson interferometer.

A light beam enters the interferometer and is split into two beams by a beam-

splitter. The two beams travel in perpendicular directions. After bouncing off

the mirrors, the two beams recombine and split again at the beamsplitter, as one

travels through the beamsplitter towards the source direction (IB) while the other
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part travels towards the photodetector (IA). One of the mirrors is fixed while the

other one is movable such that the optical path difference (OPD, L also known as

the δ) between the two beams can be adjusted. From Figure 5.4 we can see that

OPD = 2|OP2−OP1|. Constructive interference occurs when the OPD is of inte-

ger multiple of the wavelength (OPD = nλ) while destructive interference happens

when OPD = (n+ 1
2
)λ [6, 7]. This path difference also leads to a relative time delay

of τ = 2L/c between the two beam paths.

Figure 5.5: Example of interferograms from a Michelson interferometer with different
wavelengths: 460-nm (red) and 770-nm (blue).

Figure 5.6: Example of an interferogram with input from 780-nm to 820-nm. As
all wavelengths interfere constructively at the zero path difference position, the
interferogram presents a large central peak. As the OPD increases, the constituent
wavelength components of phase and the amplitude therefore decreases.

The two beams leaving the FTS contain the same information but with opposite
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phase, and can be simultaneously recorded and processed to lower the signal-to-

noise ratio. However in most cases measurement with only beam A would also be

sufficient. Examples of interferogram recorded using the photodiode are shown in

Figure 5.5 and Figure 5.6.

Consider a light beam with field E(t) entering a FTS with a corresponding

intensity I(ω) = |e(ω)|2 where e(ω) can be obtained through Fourier transforming

E(t). The recorded interferogram can be described mathematically as [8]:

S(τ)A =

∫ ∞
−∞
|E(t) + E(t− τ)|2dt (5.15)

Which can be express as following upon expansion,

S(τ)A =

∫ ∞
−∞

E(t)E(t)∗dt+

∫ ∞
−∞

E(t− τ)E(t− τ)∗dt

+

∫ ∞
−∞

E(t)E(t− τ)∗dt+

∫ ∞
−∞

E(t)∗E(t− τ)dt (5.16)

The first two terms are constants relating to the total power of the E field while the

last two carry the spectral information. As the convolution theorem stated:

F{h} = F{f} · F{g} (5.17)

for

h(τ) = f(t) ∗ g(t) =

∫ ∞
−∞

f(t)g(τ − t)dt (5.18)

Fourier transforming Equation 5.16 gives:

F{S(τ)} = F{E(t)} · F{E(−t)∗}+ F{E(t)∗} · F{E(−t)} (5.19)

= e(ω) · e(ω)∗ + e(−ω)∗ · e(−ω) (5.20)

= I(ω) + I(−ω) (5.21)

The Fourier transform of an interferogram after removing the DC components pro-

ducing the spectrum and a mirror image of the spectrum. The spectrum of the

source can therefore be reconstructed through FTS and Fourier analysis, providing
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the value of the OPD is known.

5.4 Experimental generation of the 10-GHz astro-

combs

Two experimental campaigns were conducted, one for generating a visible-light

multi-GHz comb and another for a NIR to MIR comb. As a proof of concept

for future use in ELT HIRES, a 10-GHz mode spacing was chosen as our astrocomb

mode-spacing specification. The sources used for the filtering were derived from

the visible supercontiuum and the spectrally broadened degenerate OPO outputs

described in Chapter 3.

5.4.1 FP mirror coatings

The mirror pairs used for the FP filtering were modelled and produced by LaserOp-

tik. Each pair was designed for a different wavelength (550 nm to 900 nm and

1300 nm to 1900 nm), while the individual mirrors in the set were tailored to have

opposite GDD profiles, such that a combined group delay dispersion of close to zero

could be achieved across their operating bandwidths, as shown in Figure 5.7 and

Figure 5.8. As illustrated in figures, the visible FP pair had a reflectively of 98%,

corresponding to F = 150 while the IR FP had a reflectively of 99% and a finesse

of F = 200.

5.4.2 FP cavity design and alignment

The FP cavities for the visible in Figures 5.9 and Figure 5.10 while for the NIR

wavelength regions are illustrated in Figure 12 and Figure 13. Although their fil-

tering sources are generated through different methods, their alignment and design

are quite similar.

The FP cavity for the visible wavelength filtering was set up after the photonic

crystal fibre output. The supercontinuum generated within the f-to-2f interferometer

was collimated with a silver parabolic mirror. It was then led out through a dichroic

mirror into a polarising beamsplitter, except for portions near 532 nm and 1064 nm
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Figure 5.7: Coating properties for the visible FP set: blue and green lines correspond
to the individual mirrors. Upper panel: Wavelength dependent transmissions. Lower
panel: The red represents the overall GDD value of the mirror pair

Figure 5.8: Upper panel: Transmission properties of the IR FP mirrors from 1200
nm to 2000 nm. Lower panel: GDD properties of the IR FP cavity.

which were used for the fCEO stabilisation (detail in Chapter 3). Since the resonance

condition in a FP cavity is very sensitive to mirror separation, a feedback loop for

stabilising the cavity length is needed. A small amount of Ti:sapphire light was taken

out before the PCF and employed as the light for stabilising the FP cavity length.

A half-wave plate was inserted in this particular beam before entering the PBS for

changing its polarisation from p− to s−, such that the PBS could multiplex the

laser beam path with the SC beam. After the two beams were spatially overlapped,

they were introduced into the FP cavity.

A photo of the FP is shown in Figure 5.10. One of the FP mirrors was mounted

on a ring piezo actuator (PI, P-080.311) with a travel range of 5.5 μm. It was sup-

plied with a 10 Hz triangular signal for scanning the mirror distance. After the two
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Figure 5.9: Schematic of the visible FPC
including the f-to-2f interferometer

Figure 5.10: Photo of the visible FP
setup.

beams exited the FP, they were separated by another PBS. A silicon photo-detector

from Thorlabs was inserted to detect the s-polarised laser beam while the SC beam

continued to the FTS. The condition for constructive interference is strict and can

only be achieved if the FP is properly aligned. The alignment procedure for reaching

such condition is described below:

1. After the spectrally broadened beam was combined with the beam for cavity

stabilisation, care was be taken so that both beams entering the FP cavity were as

straight and as flat as possible.

2. Two pinholes were inserted into the beam path at a relatively large distance

apart.

3. Mirror M2 was then inserted in the beam path and adjusted such that the

reflected beam path from M2 was flat and travelled through the pinholes.

4. Mirror M1 was added in with the adjustment so that the reflected beam path

from this mirror went through the pinhole again.
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5. The transmitted beams spots would then appear after the FP mirrors due to

the reflections from the front surfaces of the mirrors. This was an indication of

how well aligned the two mirrors were. Fine adjustment of the mirrors allowed the

distribution of the transmitted spots to be minimised. The mirror separation was

then adjusted to a value as close as possible to resonance.

6. Usually further adjustment of the mirror based on the transmitted voltage level on

the photodiode would be needed. As the triangular signal supplying the long-travel-

range actuators was constantly scanning the mirror distance on a micrometer scale,

once the mirrors were finely adjust and the cavity length fulfilled the standing-wave

condition, the resonance fringes would appear on an oscilloscope that monitored the

photodiode (see Figure 5.9).

7. Finally, the fringe visibility was optimised through fine adjustment of the mirrors.

Figure 5.11: The resonances detected with photodiode at the exit of the FP cavity
on the bottom (in red) and the blue signal on the top is the TTL of the triangular
signal that supplied to the piezo stage.

The spacing of the fringes observed from the photo-detector as we can see in

Figure 5.11, varies from the modelled result in Figure 5.2, which is because the

comb contains not a single frequency, but multiple evenly spaced frequencies.
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The second set of FP mirror pair was installed for the output of the OPO-HNLF,

with a detailed set-up shown in Figure 5.13. It should be noted that during the

mode filtering experiments with the OPO-HNLF, the laser operating in a different

condition, producing only 1 W of average output. As such, the entirety of the laser

output was directed into the OPO, without using the f-to-2f interferometer.

As for the visible FP, a stable output was needed for cavity stabilisation. A 20:80

beamsplitter (BS) was therefore chosen to direct only around 80 percent of the OPO

output into the HNLF but reserve the rest for dither-locking. The beamsplitter was

inserted using a flip mirror mount for convenient alignment. A near infrared PBS

was inserted into the beam path, as shown in Figure 5.13, for combining the OPO

and SC beams together, while another was inserted after the FP for separating the

two beams.

Since the target bandwidth was in the invisible region, it was beneficial to insert

an alignment laser operating in the visible wavelength region. A HeNe laser at

632 nm was chosen as it had a relative similarly mirror reflectance to the target

wavelengths. A dichroic mirror and two silver mirrors were used to inject the HeNe

laser, allowing it to combine with the other two beams. All three beams were aligned

to be spatially overlapped with the each other, both visually, by using an IR viewing

card and later on with a Thorlabs beam profiler. Once they were flat and aligned,

steering mirrors were used to guide them into the FP cavity.

Figure 5.12: Schematic of FP for the near in-
frared region.

Figure 5.13: The FP for the near
infrared region.
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The alignment procedure was similar to the visible FP alignment. Instead of

using the OPO beam or SC beam,the HeNe beam was used to start the alignment

process. After the HeNe fringes were seen on the oscilloscope through a Si photodi-

ode, an InGaAs photodiode was then inserted to look at the OPO signal. Usually,

further steps of fine adjustment of the mirror or the cavity distance were needed,

since there could be small errors in the beam overlapping process.

5.4.3 Cavity stabilisation

To make sure the cavity length stayed the same throughout the measurement, active

stabilisation of the mirror distance was needed. As mentioned, one of the mirrors

was attached to a long travel stage, which was supplied with a 10-Hz triangular

wave for continuously scanning the cavity length until the locking was turned on.

The peak point of the fringes represents a cavity length fulfilling the standing wave

requirement for the comb centre wavelength. An approach very similar to our OPO

dither-locking mechanism was chosen. The electronics of the system is described in

Figure 5.14. A high frequency 7-kHz sine wave was supplied to the short travel range

actuator, such that the signal detected on the photodiode could be used for obtaining

an error signal to supply to the PI box for feedback to the FP long travelling pizeo

to dither-lock the FP. A detailed description of the theory behind dither-locking can

be found in Section 4.2.2.1.

Figure 5.14: The electronics used for dither-locking the FP cavity
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5.4.4 Lab-built Fourier transform spectrometer

The layout of our lab-bulit FTS was based on the one described in [9]. Instead of

having two mirrors at oriented in perpendicular directions as in a typical Michelson

interferometer, the FTS consisted of a pair of retroreflectors mounted back-to-back

on a 10-cm-long motorized stage (Figure 5.15). This design is compact and increases

the optical path difference (OPD) between two arms of the interferometer by four-

fold. The minimum optical resolution of our FTS was therefore 750-MHz. All the

optics in the instrument were either silver-coated or had a broadband dielectric

coating to ensure their performance over a broad wavelength range. At the exit of

the FTS, the comb and the reference beams were divided by a dichroic mirror before

being detected by InGaAs and Si photodiodes respectively. The data were acquired

with a USB oscilloscope (TiePie) with a sampling rate of 6.25 MS/s, corresponding

to an acquisition time of 1.33 seconds per scan.

Figure 5.15: Broadband Fourier transform spectrometer.

From the derivation earlier in Section 5.3, we can see that an accurate value of the

OPD is essential for reconstructing the spectrum of the comb. A known frequency

reference is therefore needed for calibration. For that, a diode laser which could be

stabilised to the well-defined 87Rubidium (Rb) D2 87Rb F = 2 → F ′ = 2, 3 cross

over transition is used. Once it was well aligned to travel the same path difference

138



Chapter 5

with the comb, it provided a well defined wavelength reference for the OPD value

which was atomically stabilised with a traceable value [10].

The diode laser system used was from Vescent Photonics. The setup consisted

of a distributed Bragg reflector (DBR) laser diode centered at 780 nm as the source,

entering a Rb saturated absorption Spectroscopy Module. They are both connected

to a servo control which allow continuous tuning of mode than 40-GHz with the

diode laser cavity, leading to scanning of different absorption line appear on the

photodiode inside the Spectroscopy Module. The servo control then allow me to

dither lock the laser diode output wavelength to be exactly at the Rb D2 absorption

line.

The alignment processes for both wavelength regions were basically the same,

with the only difference being the type of photodiodes used to detect the beam, with

Si used for the visible SC and InGaAs for the OPO. Before entering the FTS, the

spectrally broadened beam was multiplexed using a dichroic mirror with the beam

from the Rb stabilised diode laser.

Figure 5.16: FTS signals recorded after filtering. Top: Reference laser. Bottom:
Comb interferograms

5.5 Spectral reconstruction

For every scan of the FTS, two sets of data were recorded: the interferograms from

the filtered supercontinuum output and from the Rb diode laser (see Figure 5.16 for

spectrally broadened OPO filtering and Figure 5.22 for visible SC filtering). The
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data, which have a nonlinear spacing due to the acceleration/deceleration of the

stage, were cropped. They were then filtered with a 2-kHz high-pass filter to remove

any DC offset and a 3-MHz low pass filter to remove high-frequency noise. With a

40-cm delay range, several interferograms are expected for a 10-GHz comb. Strong

fringes were achieved across the full scan for measurements in both wavelength

regions. Two extra fringes at the extremes of the scan were observed in the IR

region, attributed to parasitic reflections within the instrument. The data retrieval

process described in the following section was developed based on [9] and the Matlab

script developed with Prof. Derryck Reid.

5.5.1 Zero-crossing point and path difference

The optical path-difference was characterized by a fringe-counting technique with

the Rb reference wavelength λRb. As the interferogram signal is centered about zero,

the indices of the data points just before the fringes crossed zero were found (see

Figure 5.17). To ensure that there was only one zero-crossing point per fringe and

to achieve sub-pixel accuracy, the differences between the accumulative sum of the

signal intensity of the Rb were first used to form a set of crossings which each are

separated by a peak. This set of data points are then used to group the rest of

crossings points within each fringe and the median of the those data points were

then be used. The zero-crossing points were then found using linear interpolation

through these data points, as illustrated in Figure 5.18. As each fringe corresponds

to one wavelength of the Rb reference, the zero-crossing point corresponded to a

change in the physical path difference of λ′Rb = λRb/nair and an optical delay of

λRb/c, allowing an accurate optical path-difference (OPD) scale to be constructed

for the entire scan. The time stamp/frequency scale of interferogram can then be

calculated.
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Figure 5.17: Zoom in of the fringes where the data points just before the signs of
the fringes data were change were presented using red circles.

Figure 5.18: Top. Rb-stabilised laser interferogram. Bottom: Zoomed in fringes
showing the zero-crossng points at the start, middle and the end of the interferogram.

5.5.2 Comb inteferogram analysis

After obtaining the time scale, the comb interferogram was then shifted to ensure

that its tallest peak coincided with the zero-path difference (ZPD) point in the

FTS. The data were then cropped such that the number of data points on each

side of the ZPD was symmetric for the Fourier transform. Hilbert transform was

also used to obtain the envelope of the signal in order to make the peaks easier to

find. Figure 5.19 illustrates this process for the infrared OPO comb. An algorithm

was then used to index each of the comb interferogram peak positions and linear

interpolation applied to make sure the number of peaks match on each side. A
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Gaussian window was applied to each fringe to suppress the noise on its sides.

Figure 5.19: Upper channel shows the original interferogram (blue) and the pro-
cessed interferogram which would then be use for Fourier transform. Lower channel
present a zoomed in middle interferogram of both versions.

The reference signal could also be linearly rescaled by using the OPD profile of the

scan. Apodization with a triangular function was used to provide a sinc2 instrument

function prior to perform a fast Fourier transform (FFT) of the data. Since the

resolution of the instrument is not high enough to resolve the narrow-linewidth

( 1-MHz) reference laser, the Fourier transformed data provided the characteristic

instrument function of the FTS, shown in Figure 5.20. The full-width half maximum

(FWHM) instrumental linewidth was 1.7734-GHz.

Identical apodization was applied to the comb interferogram signal. The GHz

level linewidth was sufficient to distinguish the 10-GHz-spacing comb lines. The

spectrum of the infrared OPO comb is shown in Figure 5.21(a), along with detail

of individual comb modes in Figure 5.21(b) after up-sampling and frequency axis

calibration described in the next section. The retrieved spectrum of the spectrally

broadened DRO with substantial coverage of the astronomical H-band (1490 to

1890 nm) and partial coverage of the J-band (1170 to 1330 nm) [11]. The recon-

structed spectrum and zoomed comb of visible region is presented in Figure 5.22.
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Figure 5.20: FTS instrument lineshape with a FWHM value of 1.7734-GHz, obtained
from the reference laser data with the protocol described.

Figure 5.21: The retrieved spectrum of the spectrally broadened DRO with sub-
stantial coverage of the astronomical H-band and partial coverage of the J-band.
Representative filtered comb modes, with shapes resulting from the line function
ofthe spectrometer and with comb-mode numbers identified using the linear regres-
sion approach described in Section 5.5.4.
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Figure 5.22: Data retrieval for visible FP filtering with Fourier transform spec-
troscopy.(a) presented the centralised interferogram after filtering out the noise. (b)
illustrated the instrument lineshape of the FTS. (c) showed the recovered spectrum
from the visible SC covering from 600 nm to 950 nm. (c) Upsampled comb modes
for wavelength region 810 to 810.2 nm.

5.5.3 Precision frequency axis calibration of the infrared as-

trocomb spectrum

The frequency axis is obtained using the time scale in previous section, but without

further steps is insufficient for obtaining an accurate set of comb mode position. One

method to calibrate the OPD depends on having a reliable value for the effective

calibration wavelength, and this can be achieved by using the Ciddor relation [12],

which provides the refractive index of air for given atmospheric conditions (temper-

ature, humidity, pressure and CO2 concentration). Even using an accurate value

obtained from atmospheric measurements in the lab, the mode spacing returned by

the FTS measurement was found to differ by a small amount from the RF value

of the source comb. This discrepancy results from a tiny μrad-level misalignment
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between the comb and cw-laser beams as they propagate inside the interferome-

ter, introducing a further small scaling factor into the calibration wavelength. This

factor is easily determined by iteratively adjusting until the obtained mode spacing

matches 10frep based on the RF locked frep value of the source comb. The frep value

of the source comb was locked by stabilising its 8th harmonic at 7937-MHz with the

mechanism described in Chapter 3. In practice, the level of the correction needed

to λRbis extremely small, and of a factor similar to or less than that provided by

correcting for air dispersion using the Ciddor relation (10−4). Such a result could

also be achieved by directly scaling the time axis by a small value, and through

iterative adjustment to arrive at a frequency axis with mode spacing that exactly

matches 10frep.

5.5.4 Comb mode identification

The resulting spectrum from the FTS was up-sampled by a factor of 16 to better re-

solve the shapes of the comb lines. The mode numbers of the comb modes contained

in the FTS spectrum were determined in the following way. An intense region of

the spectrum corresponding approximately to the FWHM bandwidth was selected.

Using a peak-finding algorithm in Matlab, the frequency of each comb mode across

this bandwidth was identified. These comb modes are 10frep apart and their fre-

quencies can be fitted to a line with an linear equation, as illustrated in Figure 5.23.

The relationship between the comb modes detected by using the FTS (fOPO,FTS)

the offset of the spectrally broadened comb (fOPO,CEO) and the stabilised repetition

frequency frep of the source comb can be stated as,

fOPO,FTS = fOPO,CEO + 10(m+m0)frep (5.22)

The line fitted through the comb modes therefore provides a means to calculate

the fCEO and frep from its intercept and slope. Here, m is a set of consecutive

integers representing the mode numbers of the comb, whose starting value is adjusted

to ensure that the fit results in values of fCEO > 0 and fCEO < frep and m0 is an

integer determining the modal subset fitted by the FP cavity (0 ≤ m0 ≤ 9). Through

iterating the fitting of a line which is of the minimum distance from all data points,
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the linear regression method described in [13] was used to provide the uncertainties

in the intercept and gradient. Around one thousand comb-modes positions were

used for the fitting, which yielded frep = 992.1 MHz ± 352 Hz and fOPO,CEO =565.7

MHz ± 64.3 MHz. The fitted value for frep differed by 249 Hz from the value

measured directly using a fast photodiode, which is within the uncertainty margin

of the fit. The fT i:s,CEO value of the source comb can therefore be found with the

following equations [14],

fOPO,CEO =
fT i:S,CEO

2
(5.23)

or,

fOPO,CEO =
fT i:S,CEO

2
+
frep
2

(5.24)

Figure 5.23: The fitted linear line using the comb mode positions with a zoomed in
region at the intercept on the top.

5.6 Beating with Rb-stabilized laser

Stability is essential for long-term use of astrocomb in spectrograph. Our system was

limited by the laser power such that an f-to-2f interferometer was not able to be built

for fT i:S,CEO stabilisation, however, previous experiments with this exact same laser

in [15] showed a stability of 2.4-MHz/hour. In order to check of the comb modes

position stability during the individual FTS scan, as well as test the consistency of

fT i:S,CEO with the result obtained through Fourier analysis, a heterodyne experiment

similar to [16] was performed alongside the FTS experiment.
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The idea behind this experiment is depicted in Figure 5.24. As the Ti:sapphire

laser covers from 750- 850 nm, when transferred to frequency domain, there will be

a comb mode very close to the Rb-stabilised laser frequency (λrb = 780.2 nm) such

that they can create a beat signal. The signal can be described by the following

two equations, depending on what position the Rb mode is to the Ti:sapphire comb

mode that it is beating against,

fbeat = fRb − fm,T i:S (5.25)

or

fbeat = fm,T i:S − fRb (5.26)

where

fm,T i:S = fT i:S,CEO +mfrep (5.27)

Figure 5.24: Concept behind the heterodyne experiment. The red combs at the
right hand side of the picture represents the comb modes from the Ti:sapphire
source comb, while the other set of combs with deeper red illustrate the OPO comb
and the 10-GHz filtered output. A detail of the two beating situations between the
Rb (yellow line) and the Ti:sapphire laser is showed.

A set-up of the experiment is shown in Figure 5.25, The sections labelled (a) (b)

(c) (d) have been described previously. A small portion (∼30 mW) of the Ti:sapphire

laser was sampled from the beam path and multiplexed with the 780.2 nm Rb

stabilised laser beam. They were then guided towards a 1200-lines/mm diffraction

grating at 69◦ angle of incidence and spectrally dispersed. A pinhole was used to

select only the components of the same frequency and these were focused onto an
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avalanche photodiode (APD). The detected beat signals (fbeat) and (frep − fbeat),

as well as the frep frequency were then observed with an RF spectrum analyser

(see Figure 5.26). The RF spectrum analyser was referenced to the same Rb local

oscillator (Spectratime) as the frep locking electronics. In order to identify which

side of the comb mode the cw laser was situated, the frep was shifted by a very

small amount, and the Rb beat movement accordingly was observed through the

RF spectrum analyser: the Rb beat shifted outwards from the centre, indicating

that fRb > fm,T i:S and that Equation 5.25 described the correct condition.

Figure 5.25: Schematic of the beating experiment alongside with the OPO FTS
experiment.

The beat signals appeared as a multi-peaked structure, with an average value of

the fbeat,1 294-MHz. The closet Ti:sapphire comb mode was calculated, after taking

into account that fRb = 384227981.8773 MHz [10] along with Equation 5.35 and

the fit described earlier [13]. The calculated beat frequency using the FTS result

was therefore 164.3 MHz ± 187 MHz, which agreed with the beat measured in the

experiment of 294-MHz The beat RF spectrum was recorded at the start and end

of the FTS scan, and the difference between the average beat values was less than

2.2 MHz, which showed a decent passive stability in the comb modes’ positions

throughout the duration of the FTS scan.

148



Chapter 5

Figure 5.26: Beat signals detected on the RF spectrum analyser. fbeat,1 is described
with Equation 5.25 while fbeat,2 is frep − fbeat,1.

5.7 Conclusions

In this chapter, I have reviewed the underlying principles of Fabry-Pérot cavities and

the ambiguities which can appear when measuring frequency combs. The concepts

of fourier transform spectrometers were also introduced, followed by a discussion of

an experimental FPC-FTS setup and their alignment. The data retrieval process of

the 10-GHz filtered comb modes was described along with a heterdyne experiment

between the source comb and the atomically referenced laser which showed a good

agreement with the FTS measurement. This demonstrated a route to obtain highly

accurate comb-mode positions directly through Fourier transform spectroscopy. El-

ements of this chapter are published in Journal of the Optical Society of America

B, special issue on Astrophotonics.
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Chapter 6

Evaluation of a PPLN waveguide using

broadband comb light at 1600 nm

PPLN waveguides offer very high nonlinear conversion efficiencies for cw light [1].

They have potential to enable efficient conversion of high repetition rate, low peak-

power astrocomb pulses. Achieving a quantitative understanding of their perfor-

mance is therefore a pre-requisite for designing a waveguide suitable for efficient

broadband conversion.

The objective of this chapter was to evaluate the nonlinear performance of a de-

generate OPO-pumped PPLN waveguide. The waveguide was provided by Covesion

Ltd, Southampton and was designed for narrow-band 1560 nm to 780 nm second har-

monic generation (SHG). The chapter starts with an introduction to the waveguide,

followed by a brief look into the modelling used for simulating nonlinear interaction

inside the waveguide. The properties of the specific sample in use are then presented

along with the experimental setup, as well as the modelling and experimental results.

6.1 Introduction

Waveguides are used to guide light from one place to another. Similar to a fiber, they

usually consist of a high-index core, surrounded by a low-index cladding, light to be

confined in one or two dimensions by total internal reflection, while propagating in

the third dimension. Waveguides come in different geometries, mainly categorised

as planar or non-planar (for example, rib, ridge and slot) waveguides [2]. The

confinement that allows the light propagation to be controlled also leads to high
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intensity and efficient nonlinear conversion within the waveguide. The size, low

noise, and high nonlinearity lead to potential applications in optical communication

as a frequency converter [2, 3].

There is also a growing interest in using nonlinear waveguides in astrophotonics

to access some of the wavelength regions required for spectrograph calibration [4].

As a first step towards the use of PPLN waveguides as wavelength converter in an

astrocomb system, this chapter investigates the output of a non-optimised PPLN

waveguide sample, particularly in the spectral domain. The results are compared to

Matlab modelling based on the general nonlinear Schrodinger equations (GNLSE)

which was developed by Prof Derryck Reid. The comparison allows evaluation of

the potential of using a suitably engineered waveguide for HIRES–ELT.

6.2 PPLN waveguide

Lithium niobate (LiNbO3) has one of the highest nonlinear coefficients among the

inorganic oxide materials [5]. It also has a broad transparency window from 400

to 4000 nm [6], making it widely used as a frequency converter in OPO and OPA

schemes. Periodically-poled lithium niobate, PPLN, is lithium niobate containing

a periodically domain-inverted structure. The material enables efficient nonlinear

conversion, such as second harmonic generation (SHG) and sum frequency genera-

tion (SFG), to be achieved with quasi-phase matching (QPM). Through varying the

poling period to optimise the coherence length in the material, the wavelength con-

version properties of the device can be selected. QPM provides an efficient approach

to engineer lithium niobate nonlinear properties to access a wide wavelength regime

throughout most of the visible, near-infrared, and mid-infrared regions [7–10].

By combining PPLN with waveguide structures, the interacting fields in the

medium can maintain their high optical intensities along the entire length of the

waveguide. The efficiency can then increase by two to three orders of magnitude

compared to the bulk material [3]. Typically, PPLN waveguides are constructed

as small channels under the surface of a wafer (as in Fig 6.1(a)), with the light

confinement coming from the moderately higher refractive index in the core than the

surrounding substrate (through either Ti-indiffusion or proton exchange) [5]. Ridge
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waveguides (see Fig 6.1(b)) later emerged and facilitate total internal reflection

by the substantial difference in the refractive index between air and PPLN at the

interface. This geometry highly improves the confinement of light while reducing the

mode size and, therefore, further enhances the nonlinearity. PPLN waveguides’ high

nonlinearity and versatility allows an approach to obtain tailored wavelengths which

enables a broad range of applications from spectroscopy [11], telecommunications

[12], atom/ion trapping [13] to quantum key distribution [12].

Figure 6.1: (a) A conventional ion-diffused PPLN channel waveguide with a buried
core under the wafer, (b) a PPLN ridge waveguide with the core on top.

Undoped PPLN requires an operating temperature of higher than 100◦C to pre-

vent photorefractive damage [6]. The addition of 5% MgO to the PPLN signifi-

cantly increases the optical and photorefractive damage threshold of the crystal,

while preserving its high nonlinear coefficient, allowing it to be used for high power

applications. This also allows the medium to be used at room temperature. To

relax the operation requirement further, ZnO indiffusion to the surface of the PPLN

substrate has been shown to reduce photorefractive damage at shorter wavelengths,

first demonstrated in 1991 by Young et al. [14].

6.3 Pulse propagation in a PPLN waveguide

Chapter 2 described a general solution for SHG in a bulk medium. For pulses

propagating inside a waveguide geometry, the transverse-mode of the input beam

must also be considered.
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6.3.1 Waveguide modes

Waveguide modes are characteristics of a particular waveguide structure. They

describe the transverse field pattern of the electromagnetic field travelling along the

z direction of the waveguide. The magnetic (H) and electric (E) field of such a

mode along the propagation axis, z, can be represented as [2, 15]:

Ev(x, y, z, t) = Ev(x, y)exp(βvz − iωt) (6.1)

Hv(x, y, z, t) = Hv(x, y)exp(βvz − iωt) (6.2)

Here,Hv(x, y) and Ev(x, y) are the transverse mode field profiles; v is the mode index,

representing the two mode integer numbers m and n, which are discrete guided

modes across the transverse xy planes [15], and βv is the propagating constant of

the mode, which can be described as:

β =
ωneff
c

(6.3)

The waveguide dimensions, as well as the refractive indices of both the core and

cladding, determine which and how many modes can exist. QPM for PPLN can

only be fulfilled for specific transverse modes (typically the fundamental mode). In

general, a waveguide may support modes belong to either polarization: the trans-

verse magnetic mode (TM) or transverse electric mode (TE). Although the electric

field and magnetic field of a free-space EM wave are oriented transversely to the

propagation direction, in a waveguide, due to the interference nature of the light

and its geometry, there exists an extra component of electric/magnetic field trav-

elling along the propagation direction, depending on the input beam’s polarisation

(Fig 6.2). The modes can be classified into four categories based on the properties

of the fields: (1) For a plane wave in free space, they are known as the transverse

electric and magnetic mode (TEM mode), where Ez = 0, and Hz = 0 as neither of

the fields have components in the direction of propagation. Dielectric waveguides do

not support TEM modes. (2) The TE mode is so named because the electric field

is only transverse to the propagation direction, while magnetic field has an extra
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component which along the z direction, which makes Ez = 0 and Hz 6= 0. (3) With

the same logic, a TM mode has no magnetic field in the direction of propagation

but only the electric field: Hz = 0 and Ez 6= 0. (4) Some non-planar waveguides

also allow hybrid modes to exist with Ez 6= 0 and Hz 6= 0 [2].

Figure 6.2: Sketch of p- and s-polarised light entering the waveguide. As the electric
field polarised parallel the plane in the top panel, it is known as p-polarised. S-
polarisation described the state where the electric field is polarised perpendicular to
the plane

6.4 Nonlinear interactions in waveguide

The nonlinear interactions analysis in Chapter 2 was derived based on the slowly

varying envelope approximation (SVEA), where the variation of the field envelope

is small compare to its carrier frequency [16]. However, often in a waveguide where

the nonlinearity can be optimised along with phase-matching and the light confine-

ment, the fundamental frequency mixes together with the newly generated harmonic

frequencies and generates an octave-covering spectrum [17]. The original analysis

therefore falls short. Instead, through altering the SVEA to the slowly evolving

wave approximation (SEWA), Brabec and Krausz derived a single Nonlinear Enve-

lope Equations (NEE) for complex parametric interactions [18].

Consider a medium with both χ(2) and χ(3) nonlinearity such that the PNL =

ε0(χ(2)E2+χ(3)E3), the variation of the field envelope along the propagating direction
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can be described as [16, 18, 19]:

∂A

∂z
= (D̂ + N̂PNL)A (6.4)

The partial differential equation contains a linear term which is the dispersion term

involving a dispersion operator, D̂.

D =
∞∑
m=1

im+1

m!

(
∂m

∂ωm

)
ω=ω0

∂m

∂tm
(6.5)

It is the Taylor expansion of the propagation constant β around the carrier frequency

ω0. Equation 6.4 also includes a nonlinear item with the nonlinearity operator, N̂ .

It can be approximated as:

N = i
ω

2n0ε0c

(
1 + i

∂

∂t

(
1

ω0

− ∂[ln(n(ω)]

∂ω

))
ω=ω0

(6.6)

with PNL as following:

PNL =ε0χ
(2)

(
2|A|2eiω0t + A2e(−iω0t)/2

)
(6.7)

+ ε0χ
(3)

(
3|A|2A+ A3e(−2iω0t)/4

)
(6.8)

The modelling of the nonlinear interaction in the Covesion waveguide in this

chapter is based on solving the NEE (equation 6.4) using a pseudo-spectral approach

known as split-step Fourier method [20]. This method works with an assumption

that field over a small propagating distance h is affected by the dispersing and

nonlinear effects independently such that the two terms can be solved separately,

with the former in the frequency domain and the latter in time domain with the

Runge-Kutta method [16, 18]. Multiplication of the Fourier transformed nonlinear

solution and the dispersion term are then output to the next step for the next small

propagating distance. The processes is then iterated throughout the length of the

waveguide [18].
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6.5 Covesion PPLN waveguide

By optimising the device geometry such that the transverse modes are overlapped

with a minimised effective cross section Seff , Covesion Ltd successfully fabricated

the first ZnO indiffused MgO:PPLN ridge waveguide [21]. Their research work

aimed at Rb magneto-optical trapping with a 780 nm source. In 2020, they used a

commercial telecom 1560 nm laser to pump a PPLN waveguide; a 780 nm, 2.5 W

SHG output was generated with a conversion efficiency of 58 % [22]. The result

showed an excellent agreement with their model. Interestingly, their conversion

efficiency follows the form of a Jacobian elliptic function instead of the sinc2 conveyed

in Equation 6.15, due to the highly efficient SHG conversion in their setup. This

efficiency function still indicated a dependence towards the input power, waveguide

length, and the transverse modal overlap. The result in this chapter is not expected

to fall into the high conversion regime, as our OPO’s power at the target wavelength

of the waveguide is expected to be small, therefore the deviation of such would not

be present [22].

6.6 Experimental arrangement

We performed the waveguide experiment with our Ti:sapphire-pumped degenerate

OPO as the fundamental source. The set-up is illustrated in Fig 6.4. A half-

waveplate coated for 1600 nm, was inserted in the beam to adjust the input polari-

sation. A high pass filter, F1, was also inserted to ensure only 1600 nm light passed

through. The OPO light entered a beamsplitter which guided 90% of the power

to the waveguide coupling, with the rest being led to a broadband (1000–6000 nm)

infared spectrometer monitoring the OPO output. The 1600 nm light was focused

onto the waveguide with an aspheric lens L1 of 13.86 mm focal length. The waveg-

uide was mounted on an xyz coupling stage to allow optimisation input. A convex

lens L2 of 50 mm focal length was used to collect and focus the beam onto the

spectrometers. The two spectrometers used to record the waveguide output were

from the OceanOptics USB spectrometer. S2 recorded the NIR end (700–900 nm)

of the output while S1 recorded the visible end (432–700 nm). Since two spectrom-

eters were needed for the measurement, a flip-able dichroic mirror with a cut-off
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wavelength at 900 nm was used such that the two ends of the spectrum could be

recorded almost instantaneously.

Figure 6.3: Waveguide measurement with a Ti:sapphire pumped degenerate OPO.

Figure 6.4: (a) and (b) show the waveguide sample viewing from different angles.
The numbers representing the individual waveguides. A zoomed in photograph of
the ridge waveguide is shown on the top right. (c) fabrication layers of the Covesion
waveguide [21].
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6.6.1 Coversion waveguide properties

There were five waveguides on the sample provided by the company (Fig 6.4). They

had of the same properties with only a difference in their width from 11-13 μm in

0.5 μm steps. Each waveguide was 110 μm apart. The grating period was 18.6 μm,

designed for 1560-780 nm SHG. It was optimised for TM transverse mode propa-

gation. Both the input and output facets were anti-reflection coated for 1560 nm

pump and 780 nm SHG wavelength.

6.7 Experimental and modelled results

The OPO was dither-locked to the degenerate OPO peak, leaving 109 mW focused

into the waveguide. Figure 6.5 shows that the OPO spectrum was centred at 1617

nm with a bandwidth around 110 nm.

Figure 6.5: The input spectrum recorded on the spectrometer (blue) and the spec-
trum used for modelling (orange).

Around 85 mW of output power was coupled from the waveguide. The nonlinear

output power was measured after the dichroic mirror to ensure no residual pump

power collected. After taking into account the 0.5 % loss from the mirror, only

1.36 mW of the coupled power came from the nonlinear conversion process, showing

a conversion efficiency of 1.5 %. The low conversion efficiency was expected because

the OPO is broadband (106 nm) and centred at 1610 nm, instead of the waveguide
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design wavelength of 1560 nm. However, the spectral properties of the output showed

some interesting features (Figures 6.7 - 6.11).

Spectra were recorded while the angle of the waveplate was changed in 5◦ steps

from 0◦ to 45◦, which corresponded to a polarisation change of 90◦ (from TE mode

to TM mode). The SHG spectrum peak was at 823 nm when the input was TE.

This peak then reduced as the polarisation was changed towards TM while a peak

at 762.6 nm emerged (Figure 6.7). From the result, we can see that the waveg-

uide is more sensitive to the TM mode as the output spectrum inbetween the two

polarisation state showed a dominant peak at 762.6 nm. The modelled result is

shown in Figure 6.8, the peak values of the modelled result fit perfectly well with

the experimental result, with a difference of less than 0.5 nm.

The visible end of the spectrum shows outputs between 500 and 550 nm, increas-

ing in magnitude as the polarisation changes from TE mode to TM mode (Figure

6.9). This wavelength region is attributed to sum-frequency mixing between the

pump and SHG fields. The bandwidth of the modelled result also showed similari-

ties. The Matlab model demonstrated a strong match to the experimental results.

The good agreement allows us to have confidence that the model could be applied

predictively to design a PPLN waveguide with more optimised phasematching prop-

erties, making it suitable for efficient broadband coverage of the visible, for example

by exploiting sum frequency generation between the pump and its supercontiuum.

Figure 6.6: The green light output from waveguide with the TM pump mode.

161



Chapter 6

Figure 6.7: NIR end of the spectral output from the waveguide as the half-wave plate
angle changed. The power is scaled accordingly to the respond on the spectrometer.

Figure 6.8: The modeled SHG results are on the top, while the experimental results
are on the bottom. The left illustrates the main peaks with a TM pump mode and
the right is the TE mode.

162



Chapter 6

Figure 6.9: Visible end of the waveguide output.

Figure 6.10: The results from 450 to 750 nm. The modelled spectra are on the top,
while the experimental results are on the bottom. The left illustrates the spectrum
with a TM pump mode and the right is the TE mode.
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6.7.1 Conclusions

In summary, the results presented here provide first insight into the potential of a

PPLN ridge waveguide, for visible generation from a broadband pump. I have com-

pared modelling results with experimental measurements obtaining good agreement.

An optimised waveguide designed using the same modelling would be of interesting

in a full astrocomb for ELT - HIRES, since it could provides other mean to access

the visible wavelength region.

164



Bibliography

[1] G. Schreiber, H. Suche, Y. Lee, W. Grundkötter, V. Quiring, R. Ricken, and

W. Sohler, “Efficient cascaded difference frequency conversion in periodically

poled Ti: LiNbO3 waveguides using pulsed and cw pumping,” Applied Physics

B, vol. 73, no. 5, pp. 501–504, 2001.

[2] S. K. Selvaraja and P. Sethi, “Review on optical waveguides,” 2018.

[3] L. Ming, “Fabrication and applications of zinc indiffused waveguides in peri-

odically poled lithium niobate,” PhD thesis, University of Southampton, UK,

2005.

[4] E. Obrzud, V. Brasch, T. Voumard, A. Stroganov, M. Geiselmann, F. Wildi,

F. Pepe, S. Lecomte, and T. Herr, “Visible blue-to-red 10 GHz frequency comb

via on-chip triple-sum-frequency generation,” Optics Letters, vol. 44, no. 21,

pp. 5290–5293, 2019.

[5] L. Gui, “Periodically Poled Ridge Waveguides and Photonic Wires in LiNbO3

for efficient nonlinear interactions,” PhD thesis, University of Paderborn, Ger-

many, 2010.

[6] “Covesion guide to PPLN: Material properties of Lithium Niobate.”

https://www.covesion.com/support/covesion-guide-to-ppln/material-

properties-of-lithium-niobate.html. Accessed: 2021-03-29.

[7] Y. Goji, C. Chen, K. Ikeda, K. Yoshii, and F.-L. Hong, “Towards generation of

optical frequency comb in the short-wavelength visible region using periodically

poled lithium niobate waveguides,” Results in Optics, vol. 2, p. 100035, 2021.

[8] M. Ahlawat, A. Tehranchi, K. Pandiyan, M. Cha, and R. Kashyap, “Tunable

165



BIBLIOGRAPHY

all-optical wavelength broadcasting in a PPLN with multiple QPM peaks,”

Optics Express, vol. 20, no. 24, pp. 27425–27433, 2012.

[9] Y. L. Lee, B.-A. Yu, C. Jung, Y.-C. Noh, J. Lee, and D.-K. Ko, “All-optical

wavelength conversion and tuning by the cascaded sum-and difference frequency

generation (cSFG/DFG) in a temperature gradient controlled Ti: PPLN chan-

nel waveguide,” Optics Express, vol. 13, no. 8, pp. 2988–2993, 2005.

[10] C. Wang, C. Langrock, A. Marandi, M. Jankowski, M. Zhang, B. Desiatov,
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Conclusions and future development

The aim of this thesis research was to construct a suitable calibrator for ELT-HIRES

astronomical spectrograph. After considering its criteria and reviewing the existing

astrocomb systems worldwide in Chapter 1, a 1-GHz broadband astrocomb system

was constructed based on two spectral broadening modules, while pumped by a

1-GHz Ti:sapphire laser and a phase-coherent degenerate OPO. Flexibility of comb-

mode spacing in both wavelength regions (550–950 nm and 1100–1800 nm) was also

demonstrated using Fabry-Pérot cavities. By using a lab-built Fourier transform

spectrometer, broadband individual comb-modes identification was demonstrated.

This chapter reviews the experimental work presented in the thesis, and the high-

lights. I then consider the performance of such an astrocomb system and potential

experiments/improvements in the future.

7.1 Technical summary and conclusions

The design, construction and characteristics of a key component in the astrocomb

system, a 1-GHz degenerate optical parametric oscillator, were described in Chap-

ter 2. A commercial 1-GHz Ti:sapphire laser, centred around 805 nm with a band-

width of 26 nm, was used as the pump source. The properties of the pump beam

were examined so that the beam propagation of both pump and the desired res-

onating beams inside an OPO could be modelled. The optimised beam focusing

distances and the cavity configuration were then decided for the OPO. Locked to

the highest-power degenerate peak, the 1-GHz OPO produced 35-fs pulses with 120

mW average power, centered at around 1610 nm.
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Chapter 3 presented a broadband 1-GHz frequency comb system with both fCEO

and frep stabilised. Two spectrally broadened modules were constructed using non-

linear fibre, one directly after the Ti:sapphire pump, as part of the f -to-2f interfer-

ometer, while the other one was at the output of the degenerate OPO. The output

spectrum was shown to cover 500–2200 nm, meeting the majority of the wavelength

requirements set for the ELT - HIRES. This result was presented at CLEO Europe

2019 [1].

In Chapter 4, I demonstrated an effective dither-free stabilisation technique that

realised a degenerate peak output from the OPO, while at the same time allowing a

simple configuration. The technique, which was presented at CLEO US 2020 [2] and

reported in [3], utilised the always-present parasitic sum-frequency mixing (SFM)

light between the pump and the resonant OPO pulses. With no more than the addi-

tion of a simple narrowband filter to extract the portion of the SFM spectrum that

shows the greatest sensitivity to cavity length, this approach was shown to achieve

a sixfold lower relative intensity noise (RIN) and five times less power fluctuation

than the dither-locked output of the same system.

Chapter 5 demonstrated an effective approach towards creating a wide-mode-

spacing broadband astrocomb system with modal identification. With the use of

two complementary-coating Fabry-Pérot mirror pairs, 10-GHz combs were demon-

strated with both the visible supercontiuum and spectrally-broadened OPO outputs.

The result was successfully observed using the same lab-built Rb-referenced Fourier

transform spectrometer, demonstrating its ability to resolve a broadband input. The

data retrieval process through Fourier transform spectroscopy was described, where

each individual comb-mode position was successfully identified. I then described the

heterodyne beat experiment between the Ti:sapphire laser and the Rb referenced

laser which was performed alongside with the FTS measurement. Using the well

defined Rb crossover transition, to which the reference laser was stabilized, the beat

frequency was calculated as 164.3 ± 187 MHz using the FTS measurement result,

which agreed with the true 294 MHz beat frequency value recorded at the same time

as the FTS measurement. This was presented in the astrophotonics feature issue of

Journsl of the Optical Society of America [4] and will be presented in the coming

CLEO conferences.
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Chapter 6 described an initial investigation on the spectral behaviour in a degenerate-

OPO-pumped PPLN waveguide. Although the waveguide was optimised for SHG

at 1560 nm, the coupled output using our 1610 nm (FWHM = 106 nm) input still

showed nonlinear behaviour, such as second harmonic generation and sum-frequency

mixing. The experimental result was shown to be in good agreement with modelling

results based on a nonlinear-envelope simulation.

7.2 Future experiments and improvements

An important topic arising from the summaries above is the viability of building

an OPO-based astrocomb system that fully satisfies the essential needs of ELT -

HIRES. Chapter 1 laid out the requirements for a suitable calibrator, with the

most challenging ones revolving around the wavelength coverage, resolving power,

traceablility, and stability. Therefore, I continue this section by commenting on each

of these aspects of our current system, and the potential improvements and future

experiments that can be done.

7.2.1 Wavelength coverage and the spectrally-broadened

modules

The essential bandwidth requirement for the ELT - HIRES is between 400 nm to

1800 nm, with an exception between 1360 and 1410 nm. The combined output

of our system with a Ti:sapphire laser operating at its full potential can produce

coverage from 550 nm to 2200 nm. However, there is still a missing band between

1340–1280 nm (see Figure 5.21) and at wavelengths below 550 nm. One approach

to obtain all the essential infrared coverage is to reduce the length of our HNLF.

From our modeled spectral evolution in Chapter 3, both HNLF 1 and HNLF 2 have

a better coverage over 1100–2000 nm at lengths shorter than the original 40 cm. A

modelled spectrum from HNLF 2 with a fibre only 14.4 cm long is shown in Figure

7.1, in which we can see continuous wavelength coverage from 1170–2100 nm.

Another interesting technique to try is to increase the nonlinearity of the fibre by

gently tapering the fibre. The broadest bandwidth of a comb source for astrocombs

so far (from 400–2400 nm) was achieved using a tapered photonic crystal fibre with
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a 100 fs pump source centered at 1550 nm [5].

Once the full power (1.5 W) is recovered for the Ti:sapphire laser, it is necessary

to determine which splitting ratio the visible supercontinuum and the OPO is best.

Moreover, whether there can be extra power left for up-conversion to cover the blue

end of the spectrum required. It is therefore necessary to improve the fibre coupling.

With the same system, [6] demonstrated 70% coupling efficiency in the past. The

500 mW output from the PCF produced a wavelength coverage from 500 nm to

1200 nm. From our measurement in Chapter 3, we realised an output of 350 mW

from PCF would already be providing enough bandwidth (500 nm to 1160 nm). If

the fibre coupling is optimised enough for 70% efficiency, only 500 mW of pump

power would be needed for the visible region. An extra 100-200 mW could then be

diverted and used for SHG in nonlinear crystal for blue end coverage [7].

Figure 7.1: Modelled result for a 14 cm long HNLF 2 fibre.

7.2.2 Resolving power and the Fabry-Pérot cavities

The modes filtering to increase the comb mode-spacings with the use of Fabry-

Pérot cavities has been shown to be effective. Stabilising the cavity with the use of

dither-locking can often maintain stability over several hours. With the comb mode

identification technique developed, it would be interesting to perform an experiment

to obtain numerical values quantifying the stability of such a setup (e.g. how much
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the comb mode positions shift over a long period of time) once fCEO and frep are

stabilised. This would potentially provide an insight over the long term stability of

the entire system.

7.2.3 Tracability and the FTS

The comb-mode identification techniques developed were shown to be successful in

our heterodyne beating experiment with the Rb-referenced laser. Further confirma-

tion would require the actual fCEO value of the system once the f-to-2f interferometer

is recovered. It is suspect that the decreasing interferogram power at the two sides

of the zero crossing point in the 10-GHz OPO HNLF comes from beam size expand-

ing the aperture of our retro-reflector, as it travel to one end of the FTS arms. A

better collimated beam entering the FTS would reduce the instrument lineshape

and produce more resolved comb modes with lower comb modes background.

7.2.4 Stability

An important property in our application of the astrocomb is stability. The main

causes of instability come from the laser source comb and the OPO. Although the

SFM locking technique can provide a lower noise output than the dither-locked

OPO; it has not been possible to extend the locking time period over one hour. The

problem partly comes from the point on the slope (which corresponded to the peak

of the degenerate output) which we are using for locking being too close to its own

peak (see Figure 7.2)

There are several approaches to explore towards improving the OPO’s locking

stability. Utilising the diffraction grating and pinhole for spectral selection could

be one of them, since which portion of the spectrum was selected affects how the

intensity profile of the degenerate peak behaves. The narrow-band filter we used

for SFM locking, although tunable over a certain wavelength, doesn’t provide much

flexibility in terms of the bandwidth we can select. A diffraction grating, where

its spatial dispersion depends on the line spacing would have allowed more freedom

over this matter. Such investigations can be performed with either the SFM or the

OPO degenerate light.

An alternative technique mentioned by [8] was to setup two photodiodes at the
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Figure 7.2: Left: Intensity profile of the degenerate OPO output with a dashed red
line indicating the highest peak point. Parasitic SFM output used for locking is
shown in a solid green line. Right: Zoomed in to the SFM locking point.

two ends of the dispersed light from the OPO (see Figure 7.3). The difference

between the two signals would then correspond to a narrower intensity profile along

with the cavity scanning. With adjustment of the position of the two photodiodes

relative to the dispersed OPO light, a difference signal between PD1 and PD2, such

that the mid-point of a slope corresponding to a peak in the degenerate output,

could be found. In that case, simple electronics, as described in Chapter 4, could

be used to implement the locking.

Figure 7.3: Potential alternative cavity stabilisation technique.
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Chapter 7

7.3 Outlook for a degenerate-OPO-based astro-

comb

Based on the discussion of the experimental results presented in this thesis, along

with the potential improvements and experiments over the system, an OPO-based

astrocomb system has the potential to meet the challenging requirements of the ELT

- HIRES spectrograph. In the future, it is expected to see further investigation and

optimisation over the stability and spectral coverage of the system.
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