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ABSTRACT 

 
The rapid development of astronomical instrumentation has been aided by many 

innovative new photonic designs, which offer improvements in stability, precision, size 

and cost, scalability, etc. ─ the field of astrophotonics. A powerful technique enabling 

many of these astrophotonic devices, ultrafast laser inscription (ULI), creates highly 

localised and controlled refractive index modification, which guides the path of light in 

a very efficient manner. This thesis discusses three separate astrophotonic devices, each 

with a specific application, to demonstrate the versatility of ULI. 

Firstly, a reformatting device based on a photonic lantern and 3D ULI waveguide 

reformatting component, transforms a multimode telescope PSF to a diffraction-limited 

pseudo-slit. When used to feed a spectrograph, a significant reduction in modal noise ─ 

a limiting factor in high-resolution multimode fibre-fed spectrographs ─ is 

demonstrated, with the potential for improved near-infrared radial velocity observations. 

Secondly, a similar ULI reformatting device for an integral field unit, based on 

multicore fibre with affixed microlenses, may enable the direct imaging of exoplanets 

and characterisation of their atmospheres. Thirdly, a two-telescope K-band beam 

combiner based on ULI directional couplers with an achromatic 3dB splitting ratio is 

presented. Such a device will upgrade the stellar interferometry capabilities of the 

CHARA array. 
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Chapter 1 - Introduction 

1.1 Types of astronomy 

Astronomy is the study of everything beyond our planet. To perform astronomy, we use 

telescopes to collect signals from objects in order to gain information about them. Until 

recently, all astronomy was performed by collecting and analysing electromagnetic 

waves, from Gamma-rays to radio-waves, with each wavelength band providing 

different information about a particular object. Gamma-rays, for example, are emitted 

by only the most energetic processes in the universe, and so Gamma-ray astronomy is 

performed to observe and understand objects such as supernovae and pulsars. At the 

other end of the electromagnetic spectrum, radio-wave astronomy can be used to 

observe the distribution of interstellar gas, particularly Hydrogen through its spectral 

line at a wavelength of 21 cm.  

It is important to recognise that astronomy can also be performed using signals that are 

not electromagnetic in nature. Neutrino astronomy, for example, uses underground 

facilities such as the Deep Underground Neutrino Experiment (DUNE) facility currently 

under construction in South Dakota – US, to detect neutrinos generated by astrophysical 

objects. Applications for neutrino observations include studies of black holes, galactic 

supernovae and indirect searches for dark matter. Gravitational wave astronomy also 

does not rely on the detection of electromagnetic signals. Instead, large optical 

interferometers, such as the Laser Interferometer Gravitational-Wave Observatory 

(LIGO) in Hanford, Washington – US, are used to detect time-varying distortions in 

spacetime as gravitational waves propagate through the interferometer. The 

astronomical applications for this form of astronomy are focused on the observation of 

astrophysical events that can generate strong gravitational waves, examples of which 

include black hole mergers and neutron star collisions. 

In this thesis, we are primarily concerned with developing new photonic technologies 

for applications in near-infrared astronomy between ~ 1.1 m and 2.4 m. This 

encompasses the Y– (~0.95 m to ~1.05 m), J– (~1.1 m to ~1.4 m), H– (~1.5 m to 

~1.8 m) and K– (~2.0 m to ~2.4 m) bands where the Earth’s atmosphere exhibits 

high transparency. An illustration of the relative positions of these bands is given by 
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Figure 1. Notably, the observational challenge of the increasing thermal background in 

K-band (and beyond) neccessitates improved instrumentation capabilities.  

 

Figure 1: Relative positions and spans of selected near-infrared astronomical bands. 

The gaps are due to atmospheric absorption. 

Observations in these spectral regions have countless applications in astronomy, 

examples of which include: 

High redshift studies - spectroscopic lines such as the H-alpha (Hα) and Lyman-alpha 

(Ly-α) lines, which reside at 656.3 nm and 121.6 nm respectively in the rest frame, are 

rapidly redshifted into the near-infrared. Thus, near-infrared K-band astronomy can be 

used to observe objects at redshifts z > 2 using Hα emission, and J-band at redshifts 

z > 8 using Ly-α emission, enabling deep observations of the early Universe which are 

key to understanding some of the “big questions” including: What is the nature of dark 

energy and dark matter? How and when do the first stars form? How and when did the 

universe reionize? [1] 

Studies of cool objects - Wein’s displacement law states that the spectral peak of the 

blackbody emission from an object at temperature (𝑇) occurs at a wavelength (𝜆𝑚𝑎𝑥) 

given by Equation 1: 

𝜆𝑚𝑎𝑥 =
𝑏

𝑇
 

Equation 1 

where 𝑏 is Wein’s displacement constant (2898 m.K). 

This means that the near-infrared is a crucially important region for observing cooler 

objects such as M-dwarf stars which exhibit surface temperatures between 2,000 K and 
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3,600 K, meaning that their peak blackbody emission is the near-infrared between 

~1.5 m and 800 nm respectively. 

Studies of dust obscured objects – the scattering of light by dust is strongly 

wavelength dependent and is due to a combination of both Rayleigh scattering, where 

the dimensions of the scattering particles are much smaller than the wavelength of the 

light, and Mei scattering, where the scattering particles are bigger than the wavelength 

of the light. The strength of Rayleigh scattering exhibits a  𝜆−4 dependency, meaning 

that near-infrared observations can be used to observe dust obscured objects such as the 

galactic centre and star forming regions. 

In summary, the near-infrared will be an incredibly important area in astronomy for 

decades to come. In this thesis, I present the results of three investigations aimed at 

developing new photonic technologies (astrophotonic technologies) for applications in 

near-infrared astronomy. The remainder of the thesis will therefore focus on only 

discussing aspects that are relevant to near-infrared astronomy. 

1.2   What is an astronomical instrument? 

Facility class telescopes are complex beasts, and cutting edge telescopes are some of the 

most advanced scientific facilities in existence. From an optical perspective, the key 

components are the telescope itself, which is used to collect and focus light to the 

telescope focal plane, and the astronomical instruments. On a ground-based telescope, 

these astronomical instruments might include an adaptive optics (AO) system to 

“undo”, at least partially, the aberrations imparted on the incoming optical wavefront by 

the atmosphere in quasi-realtime, or an “analysis instrument”, such as a spectrograph, to 

analyse the spectral properties of the light collected. Other analysis instruments include 

cameras equipped with coronagraphs for directly imaging exoplanet systems, or 

interferometric beam combiners for coherently combining the light gathered by multiple 

telescopes which form an interferometer array.  

Astronomical instruments come in countless different shapes and sizes. In the case of 

facility class instruments they are usually highly bespoke to the specific telescope and 

either a specific science case or collection of science cases. In the following section, I 
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provide a brief overview of some specific instruments and types of instrument that have 

been developed for applications in optical and near-infrared astronomy. 

1.2.1 High resolution single object spectrographs 

The resolution (𝑅) of a spectrograph, where𝑅 =
𝜆

𝑑𝜆
, limits the precision with which 

spectral features within the light from an object can be identified. High resolution 

spectrographs, which operate at resolutions upwards of ~ 𝑅 = 50,000 are therefore key 

to many areas of astronomical science, examples of which include, but are not limited 

to: 

Characterising exoplanet atmospheres – At low resolution, spectral lines overlap in 

the acquired spectra. This means that ground based observations are “contaminated” by 

the spectral signatures of the Earth’s atmosphere. In order to perform spectroscopic 

analysis of exoplanet atmospheres it is essential to work at high resolution to separate 

out the planetary, stellar and telluric spectral features using their differential radial 

velocity shifts. 

Radial velocity measurements – Exoplanets can be detected in a variety ways. They 

can be directly imaged using telescopes equipped with AO systems and a camera behind 

a coronagraph. They can also be detected from the periodic dip in the apparent stellar 

brightness they induce as they move in between the telescope and the star. However, 

both of these techniques suffer from one major drawback – they do not provide 

information about the mass, and therefore density, of the planet. This information is key 

in the search for life, as we believe that rocky, high density planets are required to 

support life. 

The only technique that we currently have available for “weighing” extrasolar planets is 

the radial velocity (RV) technique. The basic physical concept exploited in the RV 

technique is shown in Figure 2. Here it can be seen that both the star and the exoplanet 

orbit around their common centre of mass. This means that as the star moves 

periodically away and towards an observer, the observer will detect a periodic 

modulation in the stellar spectrum due to the Doppler shift. Since the magnitude of the 

Doppler shift is dependent on the period and radius of the stellar orbit, and since this is 
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in part dependent on the mass of the companion, RV measurements provide a route to 

measure the mass of the companion. 

 
 

Figure 2: Schematic of Doppler shift due to radial velocity of observed star. 

Again, the resolution of the spectrograph directly limits the precision of any RV 

measurement. For example, the HARPS spectrograph (High Accuracy Radial velocity 

Planet Searcher) at the ESO La Silla 3.6 m telescope in Chile operates between 378 nm 

and 691 nm, exhibits a spectral resolution of ~120,000, and is able to generate spectra 

with a precision of ~ 1 m.s-1 [2]. 

The Sandage-Loeb test – One of the most exciting, but also most challenging, 

applications for high resolution astronomy in the coming decades is the so-called 

Sandage-Loeb test for the realtime expansion of the Universe. The basic idea of the test 

is to measure the drift in the Ly-α forest absorption lines of distant z  2 quasars, and by 

doing so detect the change in the acceleration of the Universe. The change in the 

redshift is only expected to be a few cm.s-1 [3], and so these measurements will require 

velocity measurements over decades with a precision of a few cm.s-1 using high 

resolution spectrographs. 
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1.2.2 Multi-object spectroscopy instruments 

Single object spectrographs detect and analyse the light from one object at a time. There 

are, however, astronomical applications that require the spectroscopic analysis of many 

objects, and sometimes many thousands of objects in order to build up statistically 

significant data sets. These applications require a multi-object spectroscopy (MOS) 

instrument, which usually consists of a spectrograph coupled with a “selector” of some 

kind that allows astronomers to select regions of the telescope focal plane for 

spectroscopic analysis. At one end of the technology spectrum the selector can be 

something as simple as a bespoke slit-mask, as is the case for the MOS instrument at 

Gemini. The slit mask is designed and fabricated such that it only allows light from 

selected regions of the focal plane to enter the spectrograph for analysis. At the other 

end of the technology spectrum, the selector can consist of a system of robotically 

controlled arms with mirrors attached to redirect light from specific parts of the focal 

plane into a spectrograph, as is the case for KMOS at the VLT [4]. 

Early MOS systems, such as the 2dF fiber positioner and spectrograph system at the 

Anglo-Australian Telescope (AAT) [5], were capable of generating spectra for multiple 

objects simultaneously, but not capable of generating spatially resolved spectra across 

the objects. New MOS systems are addressing this by enabling the deployment of 

multiple integral field units (IFUs) across the focal plane. Each of the 24 robotically 

controlled mirrors in KMOS, for example, projects light onto an image slicer that then 

splits each sub-field into 14 slices with 14 spatial pixels along each slice. For 

applications that would benefit from higher multiplex gains, new approaches are being 

developed that would utilise optical fibre-based IFUs. The SAMI system at the AAT 

utilised a plug-plate assembly to precisely position 13 “hexabundles” across the image 

plane [6]. Each of these hexabundles consists of 61 optical fibres closely packed 

together to collect spatially resolved light from 13 objects. The light from these fibres 

was then coupled into the AAOmega spectrograph to provide spectrally resolved 

“imaging” of the object. This photonic approach to MOS IFUs is now being extended to 

Hector-I, which will consist of 21 hexabundles, and there are future plans for Hector-

3df which will utilise around 90 such IFUs. 
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1.2.3 Beam combiners for interferometry 

Due to diffraction, the angular resolution of an image acquired using a single telescope 

is limited to~𝜆/𝐷, where 𝜆 is the wavelength of the light used to perform the imaging, 

and 𝐷 is the diameter of the telescope aperture. Even if diffraction limited performance 

were possible with perfect AO, even the ELT with a 39 m primary mirror would exhibit 

an angular resolution of ~10 mas in the K-band (~2.0 m to ~2.4 m – a region of 

crucial importance for observations of cool objects such as exoplanets and for 

observations of objects obscured by dust). This angular resolution, and the resulting 

spatial precisions it enables, are too low for a number of important astrophysical 

applications, including tests of how the effects of general relativity impact the orbits of 

stars around supermassive black holes, spatially resolved images of stellar surfaces, and 

the precision characterisation of exoplanet systems using astrometry. 

Stellar interferometry is the technique that allows us to overcome the angular resolution 

limitations of single aperture telescopes by combining the light collected by multiple 

widely spaced telescopes, as shown in Figure 3. In radio frequency astronomy, the 

carrier frequency of the signal is sufficiently low that the radio signals can be fully 

recorded by each of the multiple telescopes that form the interferometer. These signals 

can then be combined at some time after detection using computer analysis. However, 

in the near-infrared domain, the carrier frequency is in the THz domain, and no detector 

has sufficient bandwidth to resolve the shape of the waveform at these frequencies. 

Although research is ongoing to use heterodyne techniques, which involve mixing the 

astronomical signal with a local laser oscillator to record both the amplitude and the 

phase of the astronomical signal, the only option currently for stellar interferometry in 

the optical and near-infrared domains is to coherently combine the light gathered by the 

telescopes in the interferometer using an instrument called a beam combiner. 

The task that a beam combiner operating at optical and near-infrared wavelengths must 

perform is to take the light from each pair of telescopes in the interferometer, and 

combine it optically such that the mutual coherence between the two telescopes can be 

interrogated while a variable optical delay line is used to introduce controllable path 

differences between the telescopes. If this is performed correctly, it can be shown that a 

two telescope beam combiner will record, as a function of the optical path difference 

(OPD), an optical signal (𝐼) given by Equation 2: 
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𝐼(𝜈0, Δ𝜈) = 1.0 + 𝑇(𝐼1, 𝐼2)𝑉(𝜈0) sin(𝜋 𝑂𝑃𝐷 Δ𝜈) cos (2𝜋𝜈 𝑂𝑃𝐷 + 𝜙(𝜈0)) 

Equation 2 

Where 𝜈0 is the central frequency of the signal, Δ𝜈 is the frequency bandwidth of the 

optical signal, 𝑇 is the transfer function𝑇(𝐼1, 𝐼2) =
2𝐼1𝐼2

𝐼1
2+𝐼2

2, and 𝑉 is the fringe packet 

visibility. 

It is knowledge of the fringe visibility, 𝑉, that is primarily required from the beam 

combiner since, according to the Van Citter-Zernike theorem, this visibility is exactly 

proportional to the amplitude of the image Fourier component with a spatial frequency 

of 𝑢 =
𝑏

𝜆
, where 𝑏 is the interferometer baseline projected onto the sky, and 𝜆 is the 

wavelength of the light.  

A complete image of the object can be reconstructed using algorithms together with 

data that is acquired by filling in the Fourier 𝑢- 𝑣 plane with multiple measurements as 

the Earth rotates, and by using interferometer arrays with multiple telescopes and 

therefore multiple baselines. This capability is currently possible at multiple sites 

around the world, including the VLTI in Chile, NPOI in Arizona, and CHARA in 

California.  

In Chapter 4 of this thesis, we report the development of achromatic 3dB integrated 

optic K-band beam splitters using a laser fabrication technique known as ultrafast laser 

inscription. These components will form the operational heart of a future two-telescope 

integrated optic beam combiner which will eventually replace the JouFLU instrument at 

CHARA. 
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Figure 3: Schematic diagram of the key components of a two-telescope stellar 

interferometer. Reprinted/adapted by permission from Springer Nature: Optical and 

Infrared Interferometers by Theo A. ten Brummelaar and Harold A. McAlister © 

(2013)[7] . 

1.3 Astrophotonics 

1.3.1 What is astrophotonics and why is it exciting? 

According to UNESCO, the field of photonics is “…the science and technology of 

generating, controlling, and detecting photons, which are particles of light.” This is an 

incredibly broad definition and, in my opinion, slightly misleading, since the reference 

to the particle nature of light would to suggest that photonic devices must utilise a 

quantum property of light. This is far from true, and there are, in fact, many truly 

photonic technologies, such as optical fibres, spatial light modulators and DVDs, which 

operate purely using classical wave properties of light. In reality, the field of photonics 

is vast, so vast in fact that it essentially encompasses conventional optics. 

This thesis is all about developing photonic technologies and techniques for future 

applications in astronomy – a field that has become known as astrophotonics. So what 
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makes an emerging technology with potential applications in astronomy astrophotonic, 

rather than just an emerging astronomical technology? Given the discussion in the 

paragraph above regarding the differences between the fields of photonics and optics, 

the only conclusion one can draw here is that astrophotonic technologies are simply new 

optical technologies for astronomy, and that an emerging technology is “particularly 

astrophotonic” if the approach has never been considered for applications in astronomy 

before. 

Despite this rather unsatisfying clarification of the difference between astronomical 

technologies and astrophotonic technologies, it would be fair to say that there has, over 

the past few decades, been an increasing willingness to consider the applications of 

certain photonic technologies in astronomy that would have previously been thought of 

as irrelevant for astronomy, such devices include fibre Bragg-gratings (FBGs) for 

filtering unwanted atmospheric lines from the celestial light of interest [8], integrated 

optics to realise high-stability, high-baseline-number, beam combiners for stellar 

interferometry [9], and laser frequency combs for precision calibration of spectrographs 

[10]. In the following, I provide a brief overview of some of the astrophotonic 

technologies that have been developed to date. 

1.3.2 Examples of astrophotonic technologies 

1.3.2.1 Integrated beam combiners for stellar interferometry 

In Section 1.2.3, I briefly discussed how stellar interferometry, utilising multiple widely 

spaced telescopes in an interferometer array, can be used to obtain an image of an 

astronomical object with an angular resolution that is significantly higher than the 

resolution that can be achieved using any of the individual telescopes. To enable the 

interferometry, the mutual coherence between the light collected by each pair of 

telescopes within the array must be determined using an instrument known as a beam 

combiner. 

Beam combining instruments have been constructed for decades using conventional 

bulk optic approaches with mirrors and beam splitters, and some have had considerable 

success. A particular example here is AMBER at the VLTI [11], shown in Figure 4, 

which is capable of coherently and simultaneously combining the light gathered by 

either three of the four 1.8 m auxiliary telescopes, or the three of the four 8.2 m unit 
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telescopes. In order to utilise the full capabilities of the VLTI it was highly desirable to 

combine the light from all four telescopes in the array. Since the number of baselines in 

an interferometer is
(𝑛2−𝑛)

2
, combining all four telescopes, rather than three, doubles the 

number of baselines to 6, rather than 3. This is a significant technical challenge for bulk 

optic beam combiners, but integrated optics can provide a solution by using 

lithographically defined integrated optical waveguides to route, reformat and interfere 

the light from the different telescopes in the array. 

Although the concept of using integrated optics for improved beam combiners was first 

proposed by Kern et al in 1997 [12], it was not until PIONIER successfully combined 

all four of the 8.2 m unit telescopes in 2011 that the full potential of astrophotonic beam 

combiners in stellar interferometry was realised [13]. PIONIER operates in the H-band 

and utilises an integrated optic beam combining circuit, see Figure 5, to provide 24 

simultaneous interferometric outputs - 4 for each baseline in an “ABCD” modality to 

provide unambiguous phase information. The impact of using an integrated optic beam 

combiner on the complexity of the instrument can be seen in Figure 6. The success of 

PIONIER subsequently led to the development of the K-band GRAVITY instrument [9] 

at the VLTI which also utilises a photonic beam combining component. GRAVITY has 

recently achieved a series of remarkable results, such as the first direct detection of an 

exoplanet by optical interferometry [14] and direct imaging of the effect of general 

relativity on the path of a star orbiting the galactic centre [15]. 

 

Figure 4: Composite image of the bulk optic AMBER beam combiner instrument. 

Credit: R. G. Petrov et al., A&A 464, 1-12, 2007, reproduced with permission © ESO 

[11]. 
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Figure 5: (Top) Waveguide layout for the integrated waveguide beam combiner used in 

PIONIER, (bottom) photograph of the integrated beam combiner. Adapted/reproduced 

from Zins et al. 2011, The Messenger, vol 146, credit: ESO/Zins et al [13]. 

 

 

 

 
 

Figure 6: Photograph of the PIONIER beam combiner instrument at the VLTI. The 

integrated optic component sits in the housing marked “IOBC.”Credit: J.-B. Le 

Bouquin et al., A&A 535, A67, 2011, reproduced with permission © ESO [16]. 

 

1.3.2.2 FBGs for OH-line suppression 

As discussed in Section 1.1, the near-infrared will be a spectral region of key 

importance for astronomy in the coming decades, for applications ranging from 

cosmology to exoplanet science. Many of these applications will benefit from the light 

gathering capacity provided by large ground based telescopes with apertures >10 m. 

This, however, presents a problem for deep observations, since the Earth’s atmosphere 
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is somewhat bright at night in the near-infrared due to the emission from excited OH 

radicals that reside at an altitude of ~90 km. When these OH radicals decay, they 

produce a forest of OH-emission lines throughout the J-, H- and K-bands. The OH lines 

are multiple orders of magnitude brighter than either the zodiacal scatter or the thermal 

emission from the telescope, and therefore prevent instruments from reaching their 

optimal performance capabilities if they are allowed to enter the instrument. 

One positive feature of the OH-lines is that they are expected to be extremely narrow 

spectrally with a FWHM linewidth below ~1 Å [1], meaning that the spectral regions 

between the lines should remain very dark. This opens up the possibility of using a 

complex optical filter placed before an instrument to separate (reflect) the unwanted 

OH-lines from the light contained in the spectral regions between the lines. The 

specifications of such a filter are extremely demanding, as it should ideally suppress 

>100’s of OH-lines across 100’s of nm of bandwidth, each with a reflection band of 

perhaps 0.5 nm, while simultaneously efficiently (sub-dB losses) passing the light 

between the reflection bands. This is well beyond anything that can be achieved 

currently using thin film coating technologies. 

One technology that can, in principle, provide the capabilities require for the OH-

emission spectral filtering application is the single-mode FBG. These are single mode 

fibres which have imprinted on them a refractive index modulation which effectively 

acts as an interference filter. Normally, FBGs are fabricated with a simple sinusoidal 

modulation in the refractive index to reflect a single spectral notch, but it is also 

possible to design and fabricate extremely complex FBGs that can simultaneously 

reflect many 10’s of spectral notches. This is exactly the approach that has been pursued 

by Bland-Hawthorn et al [17], who have successfully develop OH-suppressing FBGs 

which suppress 103 of the brightest OH doublets in the 1.47-1.7 m range, with a 

throughout of ~60% between the lines. These filters were used to filter light collected 

by the AAT before coupling into the IRIS2 spectrograph. Unfortunately, the interline 

continuum between the suppressed spectral regions was not observed to be significantly 

darker than measurements that were obtained without the OH-suppression [17]. This 

suggests that in this case the background is still dominated by emission from non-

suppressed atmospheric emission and work is ongoing to investigate this. 
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1.3.2.3 Photonic spectrographs for astronomy 

Atmospheric turbulence, also known as atmospheric “seeing” causes the angular width 

of the telescope point spread function to increase beyond the diffraction limit. A larger 

point spread function means that the slit-width of a spectrograph coupled to the 

telescope must also increase to maintain efficient throughput. This in turn means that 

the spectrograph size must increase to maintain the required spectral resolution. These 

relationships mean that since the impact of seeing becomes worse as the telescope 

aperture increases, larger telescopes also generally require larger spectrographs.  

One option to break this scaling is to use AO, and with perfect AO the PSF would be 

independent of the telescope size. Unfortunately, although AO can deliver extremely 

high levels of correction over small fields of view, the level of correction possible over 

the larger fields of view necessary in MOS systems is limited, meaning that MOS 

spectrographs are becoming extremely large. The spectrograph for KMOS, for example, 

which is installed on the 8-metre VLT is multiple m3 in size, housed in a 2 m diameter 

cryostat, and weighs 2700 kg [4]. 

With the issues above in mind, researchers have started to investigate whether photonic 

technologies could provide a solution. The basic idea here would be to use photonic 

approaches to modularise the MOS system, such that light from each object, or each 

part of an object, was routed to a mass-producible photonic spectrograph. These 

spectrographs could utilise new photonic spectrometer concepts such as photonic crystal 

superprisms [18], the stationary-wave integrated Fourier-transform spectrometry 

(SWIFTS) concept presented in Figure 7 [19], or more established technologies such as 

arrayed waveguide gratings (AWGs) [20], an example layout of which is presented in 

Figure 8.  
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Figure 7: Conceptual diagrams of the SWIFTS photonic spectrometer concept using the 

Lippmann configuration, where light is coupled into a waveguide with a mirror at one 

end. This establishes a standing wave white light interferogram, the near field of which 

can then be sampled using nanodetectors placed on the waveguide surface. In the 

“counterpropagative” mode the light is divided into two and coupled into either end of 

the waveguide to establish the interferogram at some point in the middle of the 

waveguide. In this case, the relative phases of the light will control the positioning of 

the interferogram. Reprinted by permission from Springer Nature: Nature Photonics, 

Wavelength-scale stationary-wave integrated Fourier-transform spectrometry, Etienne 

le Coarer et al, © (2007). 

 

Figure 8: Schematic of the layout of an integrated photonic arrayed waveguide grating 

(AWG) spectrometer. Light is coupled into the arrayed waveguide via an input free-

space propagation region (FPR). The arrayed waveguides each have a set path length 

difference between adjacent waveguides to generate the wavelength dependent 

dispersion. Different wavelengths are then focused to different positions at the output of 

the second FPR. Reprinted with permission from [20] © The Optical Society. 
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AWGs are the integrated photonic version of a conventional high order Echelle grating 

based spectrometer, and have so far attracted the most attention for astronomical 

applications. However, although it is notable that such devices have even been tested on 

sky [21], there is some doubt about the level of advantage a modular approach to MOS 

would provide in terms of size, cost and scientific output [22]. Part of this doubt stems 

from the fact that when an AWG is used to process broadband astronomical signals, the 

output of an AWG must be cross dispersed onto a two-dimensional detector array to 

prevent different signals from different wavelengths overlapping on the detector. 

Science grade detectors are extremely expensive, and developing a modular approach to 

MOS that then requires a science grade detector for every object is not a solution. It 

could well be the case that the future of AWG based spectroscopy in astronomy lies in 

high resolution single object instruments, where the integrated nature of the AWG could 

allow a significantly smaller instrument, with resultant advantages in terms of cost and 

stabilisation. 

1.3.2.4 Photonic lanterns 

Although it is not the only determining factor, the efficiency with which the PSF of a 

telescope can be coupled into a photonic device is fundamentally limited by mode-

number-matching – if the number of modes that form the PSF (𝑀𝑃𝑆𝐹) is larger than the 

number of modes supported by the photonic devices (𝑀𝐷𝑒𝑣𝑖𝑐𝑒), the efficiency of the 

injection can be expected to be limited to ~ 
𝑀𝐷𝑒𝑣𝑖𝑐𝑒

𝑀𝑃𝑆𝐹
. This is potentially problematic for 

many astrophotonic devices, such as the AWG-based photonic spectrographs, and the 

FBG-based OH-line filters, discussed previously, because these devices are single mode 

photonic devices. By single mode, we mean that they only guide light with one well 

defined intensity distribution – the fundamental mode. In the case of single mode 

optical fibres, this mode is a rotationally symmetric mode with a Gaussian-like cross 

sectional intensity distribution. In the case of single mode integrated optic devices, 

which are fabricated using planar optical waveguides, the propagating light is free to 

change shape in the plane of the slab, but can only exhibit a Gaussian-like intensity 

distribution across the core slab. To put this in some context, we can consider the 

situation of the 3.58 m diameter Telescopio Nazionale Galileo (TNG) in La Palma, a 

site which exhibits a median seeing of ~0.6 arcsec, and use Equation 3 and Equation 4 

to calculate that we would expect ~75 modes to form the PSF for 950 nm light, reducing 

to ~12 for 2,500 nm light . If we were to try and couple this PSF to a single mode fibre, 
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we would expect to lose a minimum of ~99% of the light on average at 950 nm, and a 

minimum of ~92% of the light on average at 2,500 nm.  

𝑀𝑃𝑆𝐹 ≈ (
𝜋 𝜃𝐹𝑜𝑐𝑢𝑠𝐷𝑇

4𝜆
)

2

 

Equation 3 

 

 

𝜃𝐹𝑜𝑐𝑢𝑠 ≈ √(𝜆/𝐷𝑇)2 + 𝜃𝑆𝑒𝑒𝑖𝑛𝑔(𝜆)2 

Equation 4 

 

One option to address the efficiency limitations discussed above is to use AO. If the AO 

operates perfectly, which is nearly possible for narrow field of view extreme AO 

systems such as SCExAO on SUBARU [23], then 𝜃𝑆𝑒𝑒𝑖𝑛𝑔 in Equation 4 becomes 0, and 

the number of modes that form the PSF = 1, regardless of wavelength. In other words, 

the telescope operates at the diffraction limit. Exactly this approach is being pursued for 

coupling light from single unresolved stars efficiently into single mode fibres [23], but 

this approach is not suitable for the vast majority of applications, and certainly not for 

MOS instruments. If astrophotonic components such as AWG spectrographs and FBG 

filters are to be used efficiently on seeing limited telescopes, then another approach is 

required that allows the multimode PSF to be efficiently coupled into single-mode 

photonic devices. 

The challenge of efficiently coupling the multimode PSF of a telescope into single 

mode photonic devices may sound an impossible one, and indeed it would be if we 

wished to efficiently couple multimode light into one single mode. The trick we can 

play here is to use a guided wave transition, known as a “photonic lantern” to gradually 

transform the modes of a multimode fibre, to which the PSF can be efficiently coupled, 

into an array of single modes, as shown schematically in Figure 9. 
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Figure 9: Schematic of how a photonic lantern, in this case a lantern that might be 

fabricated using a tapered bundle of optical fibres, can be designed to efficiently 

transform the modes of the multimode fibre (MMF) end into the modes of the single 

mode fibre (SMF) cores at the other end. Reprinted with permission from [24] © The 

Optical Society. 

 

Photonic lanterns can be fabricated in a variety of different ways, and for a full 

description of the history of these devices the reader is referred to this review [25]. The 

most common techniques used to fabricate photonic lanterns include the “tapered 

bundle” technique, whereby a bundle of single mode fibres are placed inside a low-

index capillary and tapered to create the photonic lantern transition [26], the multicore 

fibre approach [27], whereby a multicore fibre is placed inside a low-index capillary and 

tapered to create the photonic lantern transition, and ultrafast laser inscription (ULI) 

[28] - a laser based fabrication technique which uses ultrashort pulses of laser light to 

write three-dimensional optical waveguide structures inside a glass substrate. 

Each type of lantern has its own advantages. The tapered bundle lanterns have the 

advantage that the multimode light is coupled to many individual single mode fibres, 

and this then facilitates the easy coupling of the light to individual OH-line suppressing 

FBGs [8]. The MCF-lanterns have the advantage that the lanterns can be easily mass-

produced, and might enable OH-suppressing gratings to be fabricated across all cores of 

the MCF in one go (a capability yet to be proven) [27]. The ultrafast laser written 

lanterns exhibit the advantage that once the multimode PSF has been transformed into 

single modes, these can then be arbitrarily arranged and manipulated, for example for 

coupling to a spectrograph operating at the diffraction limit [29]. 
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The fact that photonic lanterns enable the efficient interfacing of multimode light with 

single mode photonic devices make them a truly enabling technology in the field of 

astrophotonics. Without them, all but a few astrophotonic concepts would remain 

exactly that – concepts. Photonic lanterns are the key that opens the door to high impact 

astrophotonic applications, such as efficient high resolution OH-line suppression in 

MOS systems (both traditional and astrophotonic versions). Although there remains 

significant technical issues for such a vision to become reality, the scientific pull 

appears strong enough to provide the resource to solve these challenges over the next 

~decade. 

1.3.2.5 Laser frequency combs (LFCs) 

The precision with which a spectrograph can measure the spectrum of a signal is 

dependent on many parameters, including its spectral resolution, efficiency, stability 

and calibration. The last of these is usually performed using sources such as I2 cells and 

Th-Ar lamps, but these generate irregular line spacings and intensities (in the case of the 

lamps) which limit the precision of the calibration possible. One astrophotonic 

technology that can solve this is the laser frequency comb (LFC).  

An LFC can be created in a number of ways, but one of the most common is to use a 

modelocked laser. In such a laser, the cavity is controlled such that the cavity modes 

oscillate in a phase coherent manner with one another. This means that knowledge of 

the frequency of one mode can be used to determine the frequency of another mode. 

The phase coherent nature of the modelocked laser modes means that it generates pulses 

of light with a temporal separation equal to the cavity round trip time. The time 

evolution of the electric field, 𝐸(𝑡), can therefore be represented by: 

𝐸(𝑡) =  𝐴(𝑡)𝑒𝑖𝜔𝑐𝑡 

Where 𝐴(𝑡) is the pulse envelope and 𝜔𝑐 (𝜔𝑐 = 2𝜋 𝜈𝑐) is the angular frequency of the 

carrier wave. 

The periodic nature of the pulses in turn means that the time evolution of the electric 

field can also be represented by a period Fourier series: 
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𝐸(𝑡) =  ∑ 𝐴𝑁𝑒𝑖𝜔𝑁𝑡

𝑁𝑓

𝑁=𝑁𝑖

 

Equation 5 

 

Where 𝐴𝑁 and 𝜔𝑁 (𝜔𝑁 = 2𝜋 𝜈𝑁) are the Fourier amplitude and angular frequency of 

the 𝑁𝑡ℎ mode respectively. 

There are no physical properties of the laser cavity that require 𝜈𝑐 to precisely align with 

a laser mode, and so since the frequency difference between adjacent modes is equal to 

the pulse repetition frequency of the laser, the positions of the comb modes can be 

defined as residing at the following frequencies: 

𝜈𝑁 = 𝑁. 𝑓𝑟 + 𝑓𝑜 

 

Where 𝑓𝑟 is the pulse repetition frequency and 𝑓𝑜 is known as the carrier offset 

frequency. 

 

In an LFC, a variety of techniques are used to stabilise the carrier offset frequency, such 

that the whole comb becomes spectrally stable. The key feature here is that 𝑓𝑟 and 𝑓𝑜 

can be locked to atomically traceable standards such as a Cs clock. This in turn means 

that the spectral positions of all the teeth in the LFC are, in principle, traceable back to 

the precision of an SI standard. 

As shown in Figure 10, the ruler-like nature of laser frequency combs make them the 

perfect tool for calibrating astronomical spectrographs, where it can be seen that by 

coupling the light from an LFC into the slit of a spectrograph, the detector is illuminated 

with thousands of comb modes with precisely known separations and frequencies. This 

is in stark contrast to the Th-Ar lamp, which illuminates the detector with sparsely 

positioned lines of variable intensity. Furthermore, given that the comb could be 

referenced against satellite atomic clocks that form the GPS constellation and exhibit 

frequency stabilities < 2  10-13  [30], it is clear that LFCs open a route to cm.s-1 and 

even sub-cm.s-1 calibration of astronomical spectrographs. Indeed, LFCs have already 

been used to calibrate the HARPS / FOCES [31] down to a precision of ~2.5 cm.s-1. 
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Figure 10: Two dimensional representation of the CCD detector signal obtained from 

the High Resolution Spectrograph (HRS) at the South African Large Telescope when 

using either a Th-Ar lamp (bright specs) or a laser frequency comb (teeth). Adapted 

with permission from [10] © The Optical Society. 

 

1.3.2.6 Astrophotonic devices not discussed 

In this section I have discussed a selection of some of the most important and high 

profile astrophotonic technology concepts that are being pursued. It is important to 

highlight that there are many more that I have not discussed. These include integrated 

waveguide pupil remappers [32], photonic-lantern-based mode-scramblers [33], laser 

printed micro-lens arrays [34] and photonic-lantern-based wavefront sensors [35] to 

name just a few, and some of these will be discussed in the following chapters. For 

further details on more astrophotonic technologies, the interested reader is referred to 

the astrophotonics special issues in Optics Express in 2009 and 2017, and the 2021 

astrophotonics special issue in Applied Optics / Journal of the Optical Society of 

America B. 

1.4 Ultrafast laser inscription (ULI) 

This thesis is focused on the development of three new astrophotonic technologies and 

techniques for a variety of applications in astronomy. A unifying aspect of these three 

technologies is that they all utilise an advanced laser fabrication technology, known as 

ultrafast laser inscription (ULI), in their development. Because of the central role that 
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ULI plays in the work presented in this thesis, I present here a brief overview of how 

ULI works and what its capabilities are. 

1.4.1 The basic physics of ULI 

To perform ULI, ultrashort (usually < a few ps) pulses of laser radiation are focused 

inside a dielectric material that is transparent to the laser wavelength. If the pulse 

energy, pulse duration and focusing optics are appropriately chosen, the pulse will 

propagate through the substrate unattenuated until it reaches the focus. At the focus, the 

peak intensity of the laser pulse can be sufficiently high that the material becomes 

absorbing due to a combination of tunnelling ionisation and multiphoton ionisation, 

Figure 11(a) and (b) respectively. This generates seed electrons which reside at the 

bottom of the conduction band which are free to absorb laser photons from the 

remainder of the pulse, Figure 11(c). Once a seed electron has gained sufficient energy 

it can impact ionise a second electron residing at the top of the valence band, a process 

known as avalanche ionisation that results in an exponential increase in the density of 

the free electron plasma [36], Figure 11(d).  

As described in Figure 12, the energy contained in the free electron plasma transfers to 

the cold lattice through carrier-phonon scattering, which takes place on the ps-to-few-ps 

time scales, rapidly heating the lattice and inducing a range of thermal and structural 

phenomena such as shock waves and localised melting. These structural phenomena can 

result in a variety of permanent localised modifications to the properties of the 

substrate, examples of which include changes to the refractive index and / or chemical 

etch rate. The technology of ULI aims to use these manifestations of the laser-induced 

structural modifications to fabricate structures such as optical waveguides, micro-optics 

and a range of other useful components, as described in the following sections. 
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Figure 11: Conceptual representations of the nonlinear photoionisation processes that 

take place during ULI. (a) Tunnelling ionisation, where the electric field of the laser 

suppresses the Coulomb potential sufficiently such that a carrier can tunnel through the 

barrier.  (b) Multiphoton ionisation, where multiple photons interact simultaneously to 

promote an electron from the valence band to the conduction band. (c) Avalanche 

ionisation, where excited carriers residing at the bottom of the conduction band absorb 

single photons one after the other until they have sufficient energy to impact ionise a 

carrier residing at the top of the valence band. Adapted from [36], © 2008 IEEE. 

 

 
 

Figure 12: Schematic representation of the different energy transfer processes that take 

place during ultrafast laser inscription. Reprinted by permission from Springer Nature: 

Nature Photonics, Femtosecond laser micromachining in transparent materials, Rafael 

R. Gattass et al, © (2008)[37]. 
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1.4.2 Controlling the ULI process 

The properties of the modification created during the ULI process are dependent on the 

ULI parameters, the most important of these are: 

- the substrate material. 

- the focusing optics. 

- the laser wavelength. 

- the laser pulse repetition frequency. 

- the laser polarisation. 

- the laser pulse duration. 

- the inscription geometry (is the substrate translated primarily along, or transverse, to 

the direction of the laser beam). 

- the substrate translation speed and scanning trajectory. 

This may seem like a vast parameter space, and that it would be impossible to 

efficiently find the optimal parameters. Fortunately, the parameter space becomes 

significantly smaller when one considers that: 

- the eventual application usually determines the substrate material (there is no point 

developing a component for applications at visible wavelengths using a silicon substrate 

for example!). 

- the laser wavelength is also determined by the substrate material, as the photon energy 

must be less than the material bandgap. In reality, the laser wavelength is usually 

determined by what laser systems the laboratory has available. 

- the inscription geometry is usually set to be the “transverse writing geometry” where 

the substrate is primarily translated in the plane perpendicular to the propagation 

direction of the laser beam. This is because this geometry allows structures of 

effectively unrestricted paths to be fabricated, which is not the case when using the 

“longitudinal writing geometry”. 

Of the remaining parameters: 
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- the pulse energy is a crucially important parameter, as this controls the modification 

“regime”. When using fused silica as a substrate material, for example, low pulse 

energies just above the modification threshold are found to induce a smoothly varying 

structural modification, higher pulse energies are found to induce a nano-structured 

modification which can exhibit properties such as birefringence, and even higher pulse 

energies can induce micro-explosions that leave a void structure [38]. 

- the pulse repetition frequency controls the inter-pulse time, and therefore the role of 

thermal accumulation [39]. If the pulse repetition rate is such that the inter-pulse time is 

much longer than the characteristic time for heat to diffuse out of the focal region (often 

about 1 s), then each pulse is incident on material that is essentially cool. This reduces 

the efficiency with which the laser heats the material in the focal region, which can be 

detrimental for processes such as ultrafast laser welding, but useful for processes such 

as the ULI of optical waveguides as it results in more controllable and repeatable 

material modification. 

- the focusing optics determine the spatial distribution of the electric field in and around 

the focal region. As a result, the focusing optics can be used to control the spatial 

distribution of the laser induced free electron plasma, and the spatial properties of the 

laser induced modification. For writing waveguides in silica, for example, we generally 

use a focusing lens with a numerical aperture of between ~0.6 and 0.3. Given that the 

laser wavelength is ~1.0 m, this results in a beam waist diameter (2𝜔0 =
𝜆

𝜋 𝑁𝐴
) of 

between ~1.0 m and ~2.0 m respectively, and a confocal parameter (𝑏 =
2𝜋𝜔0

2𝑛

𝜆
) of 

between 2.5 m and 10 m respectively. This will clearly result in a structural 

modification that has a high degree of asymmetry, unless steps are taken. These 

approaches can include the use of static [40] and active optic systems [41] to further 

control the shape of the laser focus or, as we have used in the work in this thesis for 

waveguide shaping, the use of substrate scanning strategies to control the final shape of 

the laser modified region – a technique known as the multiscan technique [42]. 

- the substrate translation velocity essentially controls the “amount” of modification 

without altering the other parameters such as the ULI regime. This is not strictly true, of 

course, because if the substrate translation velocity were set sufficiently high, then the 

pulses could be sufficiently separated spatially that they would arrive on cool material 
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regardless of the pulse repetition frequency, but this is an extreme situation and the 

assumption that the substrate translation velocity essentially controls the amount of 

modification is a good working one. 

- the pulse duration plays an important role, but the reasons for this are not yet clear. At 

one end, it has been observed that longer pulses can be useful to reduce nonlinear 

effects that prevent the tight focusing of the pulse inside highly nonlinear materials such 

as LiNbO3 [43]. At the other end, it has been observed that short pulses are required to 

write smooth structural modifications into fused silica [36]. In short, the pulse duration 

is a parameter that should be tuned to find an optimum, but the reason for this optimum 

may never be fully understood. 

- the polarisation also plays an important role, but again the reasons are not well 

understood. When writing waveguides in some glasses, the use of circular polarisation 

has been associated with a larger increase in the refractive index change [44], and when  

using ULI to create structures for selective chemical etching, the polarisation can have a 

large impact on the selectivity of the etching, a fact that is thought to be due to the 

alignment of nano-grating structures with respect to the direction of propagation of the 

etchant [45]. 

The task of finding the optimum ULI parameters for a given application is an iterative 

one with the starting parameters informed by previous work. In the case of waveguides, 

for example, the process usually starts by fabricating structures with a wide range of 

pulse energies, polarisations, substrate translation velocities and path trajectories, and 

pulse repetition frequencies. The sample is then polished and analysed to investigate the 

guiding properties of the structures. Based on this analysis, a second sample is then 

fabricated with a narrower, but more finely interrogated, parameter space. This sample 

is then analysed, and so on. 

1.5 Applications of ULI 

The laser induced material modification can manifest itself in a variety of ways, 

examples of which include changes to the refractive index and/or chemical etch rate. 

The former of these can be used to directly write structures including volume gratings 

[46] and arbitrary phase patterns [47]. It is, however, the ability of ULI to fabricate 
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optical waveguides that has attracted the most attention over the past two decades, as it 

enables the fabrication of three-dimensional optical waveguides in passive and active 

glasses and crystals. The fact that ULI can also be used to locally increase the chemical 

etch rate of certain dielectrics also opens up a range of powerful applications. In this 

section, I review just a few of the applications that are being pursued for ULI. 

1.5.1 Passive waveguide devices 

The fact that ULI can be used to fabricate three-dimensional optical waveguide 

structures in dielectrics opens the door to a range of powerful capabilities in terms of 

realising new light reformatting and mode manipulation devices. ULI can be used, for 

example, to realise components such as three-dimensional optical splitters [48] as 

shown schematically in Figure 13. This capability can also be extended to the 

realisation of three-dimensional optical reformatting components for interconnecting 

applications, and the use of ULI fabricated fan-outs for coupling to-and-from MCFs has 

now even been commercialised e.g. the fan-outs used in the “Hero” experiment [49] 

were supplied by Optoscribe Ltd. 

 

Figure 13: Conceptual cartoon of how ULI can be used to fabricate a three-

dimensional integrated waveguide splitter. Adapted with permission from Springer 

Nature: Applied Physics A: Materials Science & Processing (Femtosecond waveguide 

writing: a new avenue to three-dimensional integrated optics, S. Nolte et al), © 

(2003)[48]. 
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Integrated optical waveguide splitters and reformatters are not the only passive 

capabilities enabled by ULI. The fact that ULI can enable the precise shaping of the 

waveguide cross section in three-dimensions opens up new opportunities in mode 

manipulation. A particular example of this capability is the application of ULI to the 

fabrication of three-dimensional integrated photonic lanterns [26, 50] that can 

efficiently couple multimode light to single mode waveguides and vice-versa. Such 

devices can even be integrated with ULI fabricated Bragg-gratings, and such 

components could find future applications in astronomy for OH-line suppression [51]. 

  

Figure 14: (a) Micrograph of the multimode end of a ULI fabricated photonic lantern. 

(b) Cartoon showing how 3D ULI fabricated photonic lantern transitions can be used to 

create a multimode-to-singlemode-to-multimode device. (c) Cartoon showing how 3D 

ULI fabricated photonic lantern transitions can be used to create a multimode-to-

diffraction-limited-pseudo-slit device. Reprinted with permission from [50] © The 

Optical Society. 

1.5.2 Active waveguide devices 

The fact that ULI can be used to fabricate optical waveguides in nearly any transparent 

dielectric material opens up the possibility of realising active devices such as lasers and 

modulators. Indeed, ULI has been successfully used to fabricate high gain (~16 dB) 

waveguide amplifiers operating at around 1550 nm in the telecommunications C-band 

by inscribing optical waveguides in Er-doped bismuthate glass [52]. Taking this concept 

further, there has been a huge amount of work in the community into developing 

compact integrated waveguide lasers using ULI, and there have been successful 

demonstrations across multiple spectral regions, including the visible at around 636 nm 

using praseodymium-doped fluorozirconate glass [53], the near-infrared at around 

1030 nm using Yb:YAG [54], the near-infrared at around 1550 nm using ErYb-doped 

glass [55], and even the mid-IR at around 1.91 m using Tm-doped glasses [56] and 

2,486 nm using Cr:ZnSe [57]. 
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Waveguide amplifiers and lasers are not the only active devices that can be realised 

using ULI. By fabricating waveguides in crystalline materials it is also possible to 

realise frequency conversion devices based on quasi- [58] and birefringent phase 

matching techniques [59], and it is even possible to fabricate quasi-phase-matched 

structures by using the femtosecond laser to periodically structure the 𝜒(2) [60]. 

1.5.3 Selectively etched devices 

The fact that ULI can be used to locally increase the chemical etch rate of a variety of 

materials opens the door to realising previously impossible structures. This capability 

has been extensively used to fabricate micro-optic structures such as mirrors based on 

total internal reflection [61] and lenses [62], and even hollow optical waveguides for 

future applications in high field physics [63]. One application for the selective etching 

capability enabled by ULI that has attracted particular attention is the development of 

microfluidic structures, and devices have been developed for many microfluidic 

applications, examples of which include the sorting of cells based on the mechanical 

properties of the cells [64] and studies of fluid mechanics at the micron scale [65]. 

The fact that ULI can be used to fabricate three-dimensional microfluidic structures is 

certainly powerful, but it is the fact that ULI can be used to fabricate such structures and 

integrate them passively with other structures that is particularly powerful. This 

capability has been used successfully to create a variety of “optofluidic” structures that 

combine optical and microfluidic capabilities. Particularly impressive examples include 

the development of integrated optofluidic devices for selective plane illumination 

microscopy (SPIM) [66], as shown in Figure 15, and the development of optofluidic 

devices that integrate microfluidics and optical waveguides for interrogating cells 

through “optical cell stretching” [67], as shown in Figure 16. 
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Figure 15: (a) Schematic of the SPIM-on-a-chip device developed by Paiè et al, where 

ULI is used to create a network of three-dimensional microfluidic structures. One set of 

structures can be used to create a fluidic cylindrical lens, the focusing power of which 

can be tuned via the refractive index of the fluid. The other set of structures could be 

used to control the flow of biological organoids past the light-sheet focus of the 

cylindrical lens. (b) Photograph of the device next to a 1 Euro coin. (c) Cartoon 

showing how the device would be used in conjunction with a microscope to perform the 

SPIM imaging. Reproduced from [66] with permission from the Royal Society of 

Chemistry. 
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Figure 16: Cartoon of an optofluidic cell stretching devices fabricated via ULI. The 

device consists of a microfluidic channel which is fabricated using ULI-induced 

selective etching, together with two ULI-fabricated waveguides that interrogate the 

microfluidic. As cells pass the optical waveguides, they are first trapped by the counter 

propagating laser beams, and then stretched once the power of the laser beams is 

increased sufficiently. Reprinted with permission from [67] © The Optical Society. 

 

1.5.4 Applications of ULI not discussed 

The breadth of applications now being pursued for ULI is too vast to discuss all of them 

in this thesis, and I have chosen to focus on some of the more applied areas, rather than 

the areas of fundamental interest. It is worth highlighting, however, that ULI is also 

becoming an enabling technology in many other areas not covered here, including 

quantum photonics [68] and optical analogues of physical phenomena, including 

topological physics [69] and condensed matter physics [70]. It can also be used to 

fabricate structures in optical fibres, including waveguides written into the cladding of 

the fibre [71] and FBGs [72]. 
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1.6 Conclusion 

In this Chapter, I have set the context for the research presented in this thesis. I have 

provided an introduction to the various types of astronomy that exist, and the role that 

the astronomical instruments play in astronomy. I have presented the case for 

astrophotonics, and discussed some of the astrophotonic applications that are currently 

being pursued by research groups around the world. In the following chapters, I present 

my work on developing ULI fabricated astrophotonic devices, and so given the 

importance of ULI to my research I have also provided the reader with a brief 

introduction to the technology of ULI, covering how it works, how it can be controlled, 

and some of the various applications for this emerging fabrication technology. 
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Chapter 2 - Modal noise mitigation for high-precision spectroscopy 

using a photonic reformatter  

2.1 Introduction 

The precision with which a spectrograph can measure changes in the spectrum of an 

optical signal is dependent on many parameters, one of which is its stability. The 

stability of a spectrograph is in turn determined by factors, including its susceptibility to 

thermal fluctuations, mechanical vibrations and changes in gravitational loading on the 

instrument as the telescope slews (if the instrument is attached to the telescope itself), 

all of which can affect the manner in which light is dispersed and detected. 

Applications such as radial velocity measurements require the acquisition of spectral 

signatures with the highest possible precision. To facilitate this, almost all state-of-the-

art radial velocity spectrographs are completely mechanically decoupled from the 

telescope, and placed in an environmentally stabilised room in the observatory. Light 

from the telescope is then collected from the telescope focal plane using a multimode 

optical fibre, which can flex and change shape as the telescope slews to track the object, 

and transported to a spectrograph for analysis. 

Unfortunately, the use of multimode optical fibres for high precision astronomical 

spectroscopy can result in a phenomenon known as “modal noise”, where the 

distribution of light at the spectrograph end of the multimode fibre is not stable. This 

optical instability effectively results in a variation in the spectrograph lineshape over 

time, limiting the precision with which variations in the spectral properties of 

astronomical signal can be identified. 

In the published paper which accompanies this chapter, I demonstrate how a “hybrid” 

photonic optical reformatting device, which is constructed by combining a multicore 

fibre photonic lantern with an ultrafast laser inscribed 3D waveguide reformatter, can be 

used to strongly mitigate modal noise in multimode spectrographs. 
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2.2 Motivation 

2.2.1 What is modal noise in fibre-fed astronomical spectrographs? 

As discussed briefly in Chapter 1, the efficiency with which starlight from a telescope 

can be coupled into an optical fibre is limited by the mismatch between the number of 

spatial modes supported by the optical fibre and the number of modes that form the 

stellar image. Under either perfect seeing conditions, or diffraction limited operation 

using an extreme AO system, the unresolved stellar image, which is essentially just the 

telescope PSF, will be close to an Airy function, or even a Gaussian-like distribution if 

pupil apodization is used. Such optical profiles can, in principle, be efficiently coupled 

to single mode fibre [23]. If, however, the seeing conditions are not perfect, or no 

extreme AO system is available, the telescope PSF will be multimode, with the number 

of modes forming the PSF (𝑀𝑃𝑆𝐹) being given by Equation 6 and Equation 7 [29]: 

𝑀𝑃𝑆𝐹 ≈ (
𝜋 𝜃𝐹𝑜𝑐𝑢𝑠𝐷𝑇

4𝜆
)

2

 

Equation 6 

 

Where 𝐷𝑇 is the diameter of the telescope, λ is the wavelength of the light, and 𝜃𝐹𝑜𝑐𝑢𝑠 is 

the astronomical seeing, given by: 

𝜃𝐹𝑜𝑐𝑢𝑠 ≈ √(𝜆/𝐷𝑇)2 + 𝜃𝑆𝑒𝑒𝑖𝑛𝑔(𝜆)2 

Equation 7 

Again, as discussed in Chapter 1, to put this into context, the 3.58 m Telescopio 

Nazionale Galileo (TNG) commonly experiences seeing conditions of 0.6 arcsec seeing. 

This means that its PSF would consist of ∼75 modes at 950 nm and ∼12 modes at 

2,500 nm. To efficiently collect this light from the telescope focal plane it is therefore 

necessary to use multimode optical fibres, and the efficiency of the injection can be 

expected to be limited to ~ 
𝑀𝐷𝑒𝑣𝑖𝑐𝑒

𝑀𝑃𝑆𝐹
, up to a maximum of 1. 
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Unfortunately, the use of multimode optical fibres in astronomical spectroscopy can 

result in issues with “modal noise”. Modal noise is a phenomenon that occurs in 

multimode fibre spectrographs due to the coherent nature of the telescope PSF, which in 

turn excites a coherent set of spatial modes at the telescope-end of the multimode 

optical fibre, with well-defined relative phase and power relationships. These modes 

then travel down the fibre, resulting in pattern of light at the spectrograph end of the 

fibre. As the telescope slews, and as the seeing conditions change, the shape and 

position of the stellar image on the input to the fibre can change, changing the relative 

phases and amplitudes of the fibre modes that it excites. Movements in the fibre further 

impact the relative phases and amplitudes of the spatial modes at the spectrograph end 

of the fibre. The combination of all of these processes means that the pattern of light at 

the spectrograph end is unstable, as shown in Figure 17, resulting in a source of noise in 

the acquired spectrum called modal noise. 

 

Figure 17: Examples of how the pattern of light at the output of a multimode optical 

fibre changes as the input coupling is varied. Taken and adapted from [73].  

 

Because the pattern of light at the end of a long length of multimode optical fibre 

changes rapidly with wavelength, the phenomena of modal noise only becomes an issue 

in high resolution, high precision spectrographs, such as those intended for applications 

in RV measurements. In contrast, in lower resolution spectrographs, the modal noise 

averages out over the spectrograph resolution bandwidth. Another interesting, and 

somewhat unintuitive, property of modal noise is that once multimode fibres are used, 

its magnitude actually reduces as the number of modes involved increases due to 

statistical averaging. For this reason, modal noise is not particularly problematic in 

fibre-fed RV spectrographs such as HARPS [2], which operates in the visible region of 

the spectrum, from 380 nm to 690 nm with a resolution (R) of around 115,000, and can 

provide RV measurements of stars with sub m.s-1 precision. In contrast, modal noise is 
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extremely problematic at near-infrared wavelengths. In GIANO, a high resolution (R ≃ 

50,000) infrared (950–2450 nm) spectrometer constructed for the TNG, modal noise 

was found to severely limit the precision with which spectra could be acquired, and that 

no amount of fibre agitation could mitigate it completely [74], as shown in Figure 18. 

 

 
 

Figure 18: Time-series spectra of stars collected with the GIANO spectrometer. Left- 

and right-hand panels: data collected with and without fiber feeding, respectively. 

Modal noise causes the wavy pattern clearly visible in the data taken with fibres. 

Credit: E. Oliva et al., A&A 632, A21, 2019, reproduced with permission © ESO [74]. 

 

2.3 Techniques for mitigating modal noise 

2.3.1 Traditional approaches to mitigating modal noise  

The most obvious approach to mitigate modal noise is to feed the spectrograph with a 

single mode optical fibre, rather than a multimode fibre. As mentioned previously, this 

approach will come with an unacceptable reduction in coupling efficiency between the 

telescope, unless the telescope is operating close to the diffraction limit. It should be 

noted that a number of groups are pursuing this approach by using extreme adaptive 

optics systems such as the SCExAO instrument at the Subaru Telescope [75], or 

iLocator at the Large Binocular Telescope [76]. Unfortunately, extreme AO systems are 

expensive and have a limited field of view, and as such currently only operate well with 

bright objects. For these reasons, alternative approaches are required that can mitigate 

modal noise in conventional multimode fibre fed spectrographs. 

The aim of any system intended to mitigate modal noise is to somehow “force” the 

time-averaged light pattern at the spectrograph end of the multimode fibre to be as 

stable as possible between measurement exposures, regardless of how the fibre is 

excited, and how the fibre is moved. Given that variations in the pattern of light at the 
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output of the fibre arise because alterations to the fibre position and fibre excitation 

affect the relative amplitudes and phases of the fibre modes at the output of the fibre, it 

is clear that techniques to mitigate modal noise should seek to equalise, when 

considered in a time-averaged manner across the measurement, the distribution of light 

at the output of the multimode fibre across the spatial modes, and randomise, when 

considered in a time-averaged manner across the measurement, the relative phases of 

the spatial modes.  

Established techniques to mitigate modal noise include the use of “rotating double 

scramblers” [77] and diffusers and integrating spheres [78], but the simplest and most 

widely used technique to “thermalise” the light at the output of the fibre is simply to 

shake the optical fibre. This promotes mode coupling and randomises the relative 

phases of the spatial modes. Many ingenious techniques have been pursued to shake 

multimode fibres to mitigate modal noise in high resolution astronomical spectroscopy, 

including speakers and fans, and the results can be extremely good for high mode count 

systems. As an example, Figure 19 shows the patterns of light at the output of three 

multimode fibres when the fibre is either static or agitated. The absence of speckles in 

the images obtained when the fibre is agitated demonstrates the suppression of modal 

noise. 
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Figure 19: (Top) Speckle patterns at the output of 200 μm circular (left), 200 μm 

octagonal (middle), and 100 μm × 300 μm rectangular (right) optical fibres that are 

excited at 652 nm using a single mode optical fibre. All fibres have an NA of 0.22. 

(Bottom) The same fibres shown above, but the fibres are agitated using a custom 

“shaker”, and the exposure is controlled such that it is significantly longer than the 

timescale of the agitation. Taken and adapted from [79]. © AAS. Reproduced with 

permission. 

 

2.3.2 Astrophotonic techniques for mitigating modal noise 

In the previous section I discussed some of the traditional approaches to mitigating 

modal noise in traditional multimode fibre fed spectrographs, but astrophotonic 

technologies are now opening up new possibilities. In 2012, Birks et al [27] 

demonstrated that a multimode-to-single-mode-to-multimode fibre device realised using 

a 121-core multicore fibre with photonic lantern transitions at each end could act as an 

extremely efficient mode scrambler, Figure 20. This concept was later extended to a 511 

core fibre, and shown to perform better than an octagonal fibre which is commonly used 

in astronomy for its mode scrambling properties [33]. 
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Figure 20: Near field images of the light emitted from (a) a single mode fibre, (b) a 

multimode fibre, (c) the multimode output of a MM-to-SM-to-MM fibre devices created 

using a 121 core MCF lantern, and (d) the output of the same device used in (c) but 

with fibre agitation and a long exposure to average out the speckles. Reprinted with 

permission from [80] © The Optical Society. 

 

Photonic lanterns also open up another route to mitigate modal noise by efficiently 

converting the multimode light into a series of single modes, each of which can be 

dispersed in a modal noise free manner [81, 82]. This approach can be conducted using 

photonic lanterns constructed using multicore fibres, but the number of modes this can 

be applied to is limited because the spectra from multiple cores will begin to spatially 

overlap on the detector. Another approach which can be extended to higher numbers of 

modes is to feed the light into the spectrograph via a photonic lantern created from a 

tapered bundle of single mode fibres, as shown schematically in Figure 21. In this case, 

the light can be reformatted to create a one-dimensional pseudo-slit, which should allow 

the spectrograph to operate at the diffraction limit, and in a manner that is free of modal 

noise. This approach has become known as the photonic integrated multimode 

microspectrograph (PIMMS) approach. 
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Figure 21: Schematic diagram of a photonic integrated multimode micro-spectrograph 

(PIMMS) system formed by feeding multimode light into a diffraction limited 

spectrograph via a photonic lantern. Adapted and reprinted with permission from [81] 

© The Optical Society. 

2.4 Aim of the study 

One disadvantage of the PIMMS approach using photonic lanterns created from a 

tapered bundle of single mode fibres is that the presence of the cladding material in the 

fibres limits the minimum distance between the fibres that form the pseudo-slit. This 

means that each spectrum from each fibre is separated by a significant distance in the 

axis orthogonal to the dispersion axis, limiting the use of the detector real-estate, and 

resulting in a longer pseudo-slit length than is otherwise necessary. To address this 

issue, MacLachlan et al [83] developed a new astrophotonic reformatting technology 

based on a multicore fibre photonic lantern combined an ultrafast laser inscribed 3D 

waveguide reformatter. The photonic lantern converts the modes at the multimode end 

of the photonic lantern into a two dimensional array of single modes, while the 3D 

waveguide reformatting components reformats the single modes exiting the photonic 

lantern into a one-dimensional diffraction limited pseudo-slit. Crucially, in this 

technology, there is no space between the single mode waveguides that are brought 

together to form the output of the component. Figure 22 presents a schematic of the 

device together with photographs of the actual device developed by MacLachlan et al, 

and its sub-components. In the paper that accompanies this chapter, I demonstrate that 

that this hybrid device can indeed efficiently suppress modal noise in near-infrared 

spectrographs that operate at the diffraction-limit, and discuss how such components 

could be used for applications including radial velocity measurements of M-dwarfs.  
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Figure 22: (a) Schematic diagram of the “hybrid photonic reformatter” which utilises a 

multicore fibre photonic lantern in combination with an ultrafast laser inscribed 3D 

waveguide reformatting component to transform multimode light into a diffraction 

limited pseudo-slit. (b) Photograph of the hybrid reformatter device. (c) Photonic 

lantern with multimode input port. (d) Facet of the multicore fibre. (e) Multicore fibre 

placed in a custom ULI fabricated V-groove. (f) Input facet of the ultrafast laser 

inscribed 3D waveguide reformatting component. (g) Pseudo-slit output of the 

reformatting component. 

2.5 My contributions 

This section explains what contributions were made by myself and my co-authors 

towards the work in the following paper. The photonic lantern was made by I. Gris-

Sánchez, and the reformatter was designed, manufactured and connected by D. G. 

MacLachlan and R. J. Harris. I characterised the source and fibres, constructed the 

spectrograph with the design advice of D. Lee and R. R. Thomson (RRT), and aligned it 

with each of the 3 devices which were tested. Data was collected from the spectrograph 

by myself, with assistance from A. Benoît (AB), who also helped determine the most 

rigorous and useful methods of analysis. I analysed the data to determine the precision 

of the spectrograph and created the figures. A calibration for correcting the slanted slit 

was developed by myself and RRT, who also ensured the validity of the “temperature 

proxy” analysis method. I wrote the paper with assistance from AB, T. A. Birks, and 

RRT. 
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Chapter 3 - Diffraction-limited integral-field spectroscopy for extreme 

adaptive optics systems with the Multi-Core fiber-fed Integral-

Field Unit  

3.1 Introduction 

Exoplanets can be detected and analysed using a variety of techniques, examples of 

which include transit photometry and radial velocity measurements. A third technique 

that has increased in popularity in recent years is direct imaging, but the technical 

challenges involved are significant due to the fact that the exoplanet is usually between 

4 and 10 orders of magnitude fainter than the star they orbit, and also the fact that they 

typically orbit within 1 arcsec of the star. As a result, direct imaging has only recently 

become feasible due to advances in AO which reduces the impact of atmospheric 

seeing, coronagraphs that block the starlight while efficiently passing light from regions 

surrounding the star, and image processing techniques to separate the exoplanet light 

from the remaining starlight. 

Direct imaging on its own is powerful, but to fully characterise exoplanets and other 

objects such as protoplanetary discs, it is necessary to use spectroscopy. For this reason, 

there is currently significant interest in developing high contrast integral field 

spectroscopy systems, and work is underway to assess which is the most promising 

approach. Some approaches include the use of image slicers (e.g. VLT-SINFONI/ERIS), 

others are using lenslet arrays  (e.g. Gemini-GPI, VLT-SPHERE). An alternative approach is to 

use a fibre-coupled microlens array, and since the IFU is to be placed behind an extreme AO 

system it becomes feasible to efficiently use single mode fibres which further increase the 

contrast of the system through their mode filtering properties, and also facilitate high resolution 

spectroscopy without inducing modal noise. 

The first single-mode IFU to be developed for exoplanet science applications was the single-

mode IFU for the RHEA spectrograph at SUBARU - a high resolution, single mode fibre fed 

spectrograph designed to operate between 590 nm and 810 nm, with a spectral resolution of 

~60,000 [84]. The single mode IFU, shown in Figure 23, was constructed by placing nine 

single mode fibres into glass ferules, which were then actively aligned and glued to a glass 

prism. This prism could then be slid against another prim which had the microlens array 

attached to it, thus controlling the distance between the microlens array and the fibre facets.  
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Figure 23: (Left) Photograph of the first single mode IFU to be developed for exoplanet 

science applications. The armoured cable contains nine single mode fibres which are 

attached to an alignment mount. (Right) Photograph of the single-mode IFU during 

alignment and construction. Taken and adapted from [84]. 

 

The proof-of-concept work that has been conducted on the single-mode IFU for RHEA 

is exciting, but the specific technical approaches have significant limitations. As shown 

in Figure 24, the precision with which the fibres can be aligned and glued is rather 

limited, even for the relatively low number of fibres used in this initial prototype. 

Clearly, if the single-mode IFU concept is to be extended to IFUs containing much 

larger numbers of fibres (e.g. a few 100 is not an unreasonable target [75]), a new 

approach is required.  

 

      
 

Figure 24: Images of two different 3  3 single mode fibre arrays obtained through the 

single mode IFU developed for RHEA itself using back illumination. Taken and adapted 

from [84]. 
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One potential approach to manufacture high performance single mode IFUs with 

hundreds of fibres is to use ultrafast laser writing in combination with selective 

chemical etching [85]. This technique facilitates the precise sculpting of various 

dielectric materials, but particularly fused silica. As such, it would allow the 

development of a single monolithic component that contains both the microlens array 

on one side of the component, but crucially also an array of holes on the other side of 

the component that can act as passive alignment features for optical fibres. This 

approach has already been used at Heriot-Watt to manufacture prototype fibre focusing 

packages for the Multi-Object Optical and Near-infrared Spectrograph (MOONS) [86], 

and a schematic of one of these collimation packages is shown in Figure 25, while 

Figure 26 presents images of a fibre coupled microlens prototype and its operation for 

collimation applications. It is not unreasonable to expect that this approach could be 

extended to multi-fibre IFU components, and there has already been some work to 

move towards multi-fibre systems at Heriot-Watt, as shown in Figure 27.  

 

Figure 25: Schematic of one of the MOONS fibre-focusing packages that was targeted 

for fabrication at Heriot-Watt using ultrafast laser inscription in combination with 

selective chemical etching. Taken and adapted from [87]. 

 
 

Figure 26: (Left) Photograph of a single fibre coupled lens with a single mode fibre 

glued into the passive alignment slot on the opposite side of the component from the 

lens. (Right) Demonstration of low scattering, high precision collimation of the light 

emitted from the multimode fibre. 
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Figure 27: (Left) Optical micrograph of two microlenses with passive alignment slots 

for optical fibres. (Right) Optical micrograph of a 3  3 array of microlenses with 

passive alignment features for optical fibres. Taken and adapted from [88]. 

 

An alternative and equally promising approach to manufacturing high spaxel count 

single mode IFUs is to use a single multicore fibre that contains hundreds of single 

mode cores. In this case, the relative positioning of the MCF cores can be controlled to 

an extremely high level due to the nature of the stack-and-draw fibre fabrication 

process. Using this MCF-based approach, the challenges then become twofold: 

- a solution is required to precisely couple the MCF to a microlens array to enable its 

efficient use at the focal plane of the telescope. 

- a solution is required to enable the reformatting of the light emitted from the MCF at 

the spectrograph, such that the individual spectra from each core of the MCF do not 

overlap on the detector. 

One solution to the first challenge is to use three-dimensional laser nanolithography. In 

this technique, which can be performed using either in-house research systems, or off-

the-shelf commercial systems such as the Nanoscribe system (www.nanoscribe.com), a 

focused femtosecond laser beam is used locally polymerise a monomer material. After 

laser writing, the unexposed monomer can be removed using a “development” stage 

http://www.nanoscribe.com/
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involving washing the component in a suitable solvent that does not dissolve the 

polymerised material. The 3D nanolithography approach has many advantages: 

- the lenses can be precisely aligned to the cores of the MCF. 

- the profile of the lenses can be controlled down to the few nm level. 

- the technique is extremely flexible due to its direct-write nature, and the properties of 

the microlens array can be readily adapted to optimise the system during the IFU 

development. 

As shown in Figure 28, significant progress has been made in the manufacture of 

freeform microlenses onto multicore fibres, confirming the suitability of this technique 

for the development of single mode IFUs using MCFs.  
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Figure 28: A freeform microlens array fabricated on the facet of a 7-core MCF. 

(a) Simulations of the microlens array and its operation in coupling light to different 

cores as a function of the beam offset. (b) Surface topography image of the microlens 

array. (c) Scanning electron microscope image of the microlens array. Reprinted with 

permission from [34] © The Optical Society. 

Three-dimensional laser nanolithography also has the potential of providing an optical 

reformatting solution for the light emerging from the MCF cores at the spectrograph end 

of the MCF. In addition to being able to fabricate components such as microlenses, 

three-dimensional laser nanolithography can also be used to fabricate free-standing 

optical waveguides - a capability has become known as photonic wire bonding [89], 

Figure 29.  One drawback of this technique is that since the photonic wirebonds are 

surrounded by air, the core-cladding index contrast is extremely high (~1.5). This in 

turn means that the waveguides have to be extremely small in cross section to maintain 

single mode guidance. For example, for single mode operation at 1,550 nm the 

waveguide radius must be less than ~550 nm, and for single mode operation at 1,000 

nm the  waveguide radius must be less than ~350 nm. This obviously makes the 

waveguides extremely fragile.  



 

61 

 

 

 
 

Figure 29: Scanning electron microscope image of photonic wire bonds created to 

reformat the light emerging from a 2  2 core MCF into a 1   4 linear array of optical 

waveguides. Taken and adapted from [89], © 2015 IEEE. 

3.2 Aim of the study 

The work described in the published paper which accompanies this chapter is concerned 

with developing a prototype MCF-based single mode IFU, a bespoke spectrograph 

based on stacked volume gratings, and testing the system on-sky with the CANARY 

AO system and the William Herschel Telescope in La Palma. 

The MCF was designed to contain 73 cores that were single mode at wavelengths 

longer than 970 nm, and the spectrograph was designed to operate across the 1.0 m to 

1.6 m band. The fibre link was manufactured by printing a 73 lens array onto one end 

of the MCF using a Nanoscribe system to provide the MCF-to-microlens array solution 

required for the telescope end of the MCF-based single mode IFU. To reformat the light 

emerging from the MCF at the spectrograph end of the MCF we used the refractive 

index modification capability of ULI to fabricate a three-dimensional optical waveguide 

component that reformats the modes of the MCF into an arrangement that allows the 

light to be dispersed without multiple spectra spatially overlapping on the detector. A 

custom chrome-on-silica mask was also fabricated using ULI in combination with 

selective chemical etching to block stray light at the output of the reformatting 

component. Although we were not in a position to conduct exoplanet studies using the 

MCIFU, we were able to conduct some basic proof-of-concept on-sky work at the WHT 

using CANARY, successfully demonstrating the acquisition of the spectrum of Vega. 

The spectral width of the measured telluric lines imprinted on the acquired spectra 
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confirm that the spectrograph is operating in a manner that is in agreement with the 

performance expected based on laboratory characterisation work. Based on these 

results, the collaboration has now been granted time to test the MCIFU system on 

MagAO-X, an extreme AO system at the Magellan Clay 6.5 m telescope at Las 

Campanas Observatory in Chile. 

3.3 My contributions 

This section explains what contributions were made by myself and my co-authors 

towards the work in the following paper. The overall project was co-lead by 

S. Y. Haffert (SYH) and R. J. Harris (RJH). 

I used the refractive index modification capability of ULI to develop a custom 

waveguide component for reformatting the light emerging at the spectrograph end of the 

MCF in a manner that prevents spectra for different MCF cores spatially overlapping on 

the detector. The reformatter geometry was calculated by RJH. The MCF was 

manufactured by I. Gris-Sánchez. I also attached the chrome-on-silica mask made by 

C. A. Ross (CAR), used to block stray light from emerging from the reformatter into the 

spectrograph. I attached the MCF to the fibre support chip made by CAR which 

provided a larger surface for gluing to the reformatter. This required careful alignment 

while ensuring the angle between the two parts remained within a small tolerance. I 

characterised the throughput of the reformatter with and without the mask, before the 

addition of the microlens array. The authors affiliated to KIT made the microlens array.  

The spectrograph was constructed by the authors affiliated to INAF, and SYH, RJH and 

I assisted them with the alignment of and integration into the telescope. We also worked 

together for the acquisition of the data on-sky. The paper was contributed to primarily 

by SYH and RJH, with my input concerning section 3, with assistance from A. Benoît. 
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Chapter 4- Ultrafast laser inscription of asymmetric integrated 

waveguide 3 dB couplers for astronomical K-band interferometry 

at the CHARA array 

4.1 Introduction 

4.1.1 How does stellar interferometry work? 

The angular resolution of any single aperture imaging system is limited to ~ 
𝜆

𝐷
, where λ 

is the wavelength of the light, and D is the diameter of the collecting aperture. 

Interferometry provides a route to overcome this limitation by coherently combining the 

light captured by multiple widely spaced telescopes. In this case, the resolution of the 

imaging is limited by the separation distance between the telescopes, which can be 

hundreds of metres, not the individual aperture size of the telescopes which are 

currently 8-10 m at visible/infrared wavelengths (with the construction of the ELTs now 

underway). 

To understand how interferometry works, Figure 30 presents a schematic diagram of 

Young’s double slits when illuminated by monochromatic light originating from either a 

single point source at infinity, or two point sources at infinity. In the first case, the light 

will generate fringes on a screen with an angular fringe separation of 
𝜆

𝑏
 rad, and a fringe 

spatial frequency of  
𝑏

𝜆
 rad-1. The visibility of these fringes (𝑉 =

𝐼𝑀𝑎𝑥−𝐼𝑀𝑖𝑛

𝐼𝑀𝑎𝑥+𝐼𝑀𝑖𝑛
) will also be 

1. In the second case, where two incoherent point sources produce separate fringe 

patterns, the visibility of the overall fringe pattern observed will gradually reduce as the 

source separation increases, completely disappearing when the point sources are 

angularly separated by half the fringe spacing (
𝜆

2𝑏
).  

Although the example in Figure 30 is for the situation of Young’s double slits (a simple 

screen behind two apertures), the situation can be extended to the case of telescopes 

viewing a celestial object(s). In this case, the slits are replaced by telescopes, and the 

screen is replaced by a beam combining instrument (examples of which will be 

discussed later) which is located at some position between the telescopes. 
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Figure 30: Schematic diagrams of (Left) Young’s slits illuminated by a monochromatic 

point source at infinity. (Right) Young’s slits illuminated by two monochromatic 

incoherent point sources at infinity, separated by half of the fringe spacing shown on 

the right. Taken and adapted from [90]. 

 

Obviously, the situations shown in Figure 30 are idealised. To be of use for imaging 

applications we need to understand how the interferometer fringes relate in general to 

the object intensity distribution. The answer to this can be obtained somewhat logically 

by considering what happens to the fringes we observe as we move away from the 

situation of an idealised monochromatic point source. As shown in Figure 31(b), in 

comparison to the high visibility (V = 1) infinite series of fringes we would observe 

from a monochromatic point source, Figure 31(a), a polychromatic point source will 

result in a fringe packet (black) which is the result of the overlapping monochromatic 

fringes from each wavelength within the signal. The situation for a spatially extended 

monochromatic source is shown in Figure 31(c), where it can be seen that the resultant 

fringes (black) are the result of the overlapping, but offset, high visibility (V = 1) 

infinite series of fringes from each monochromatic point source across the object, 

resulting in an infinite series of reduced visibility (V < 1) fringes. The situation for an 

extended polychromatic source is shown in Figure 31(d), where it can be seen that the 

result is a fringe packet of reduced visibility. 
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Figure 31: Fringe patterns (black) that would be expected from a two-telescope beam 

combiner when viewing (a) a monochromatic point source, (b) a polychromatic point 

source, (c) a monochromatic extended source and, (d) a polychromatic extended 

source. Reprinted/adapted by permission from Springer Nature: Propagation of Light 

by A. Glindemann © (2011)[91]. 

From the above, it is clear that it is the visibility of the fringes measured by an 

interferometer which holds information about the spatial properties of the source. The 

nature of this specific relationship is strongly hinted at by Figure 30, where it can be 

seen that the visibility of the fringes measured for two point sources goes to 0 when 

they are angularly separated by half the spacing of the fringes generated by one point 

source (
𝜆

2𝑏
), and then back up to 1 when they become angularly separated by 

𝜆

𝑏
. It is also 

notable and interesting to note that the 
𝑏

𝜆
 component of the Fourier transorm of such an 

object will also have a magnitude of 0 when the objects are separated by (
𝜆

2𝑏
), and 1 for 

the 
𝑏

𝜆
 component when the objects are separated by 

𝜆

𝑏
. Given these relations, it not 

unreasonable to consider that the visibility of the interferogram measured by an 

interferometer with a baseline, b, is directly related to the amplitude of the 
𝑏

𝜆
 component 
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of the image Fourier transform, and indeed this is the case. Although it is beyond the 

scope of this thesis, the Van Cittert-Zernike theorem does indeed link the visibility of 

the interferometer fringes to a unique Fourier component of the object distribution, 
𝐷

𝜆
, 

where 𝐷 is the interferometer baseline projected onto the sky. 

Clearly, measuring the amplitude of one Fourier component of the object’s intensity 

distribution is not sufficient to reconstruct an accurate image. To do so, requires the 

acquisition of many such amplitudes and their relative phases, a feat which is achieved 

in a number of ways. First, it should be noted that even a two-telescope interferometer 

can provide information about more than one Fourier component since the object can be 

viewed from multiple different angles as the Earth rotates, and also at multiple different 

wavelengths. Secondly, the number of baselines can be increased by using more than 

just two telescopes, and an N telescope array provides 
𝑁2−𝑁

2
 independent baselines. 

Figure 32 shows an example of how the Fourier plane can be “filled in” using a two-

dimensional array of telescopes and multiple measurements over the period of a few 

hours to allow the Earth to rotate. Once the amplitudes and relative phases of these 

Fourier amplitudes are known, the object intensity distribution can then be 

reconstructed using numerical algorithms such as CLEAN [92]. 

 

Figure 32: (Top row) Diagrams showing the positions of the telescopes in the IOTA and 

CHARA arrays. (Bottom row) Diagrams presenting the Fourier coverage enabled by 

the the IOTA and CHARA arrays. Taken and adapted from [90]. 
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4.1.2 Beam combination 

The properties of the telescope array are clearly crucial to the operation of the 

interferometer, but the interferometer cannot operate unless the beams are 

interferometrically combined. This is the task of the beam combiner, and many different 

approaches can be taken. As shown in Figure 33, for the case of a two telescope 

interferometer, the beams from the telescopes can either be combined in the image 

plane, where the images generated by telescope are overlapped onto a camera, or in the 

pupil plane, where light from each telescope is projected first onto a 50/50 mirror, and 

then onto single pixel detectors. In the first case, the result is an image of the object 

which is modulated by fringes, in the second the result is an interferogram which is 

generated by using a delay line in one of the optical paths is to scan the relative delay 

between both paths through 0. It is the pupil plane combination which has become the 

most standard approach in modern interferometry for a variety of reasons, not least the 

fact that single pixel detectors offer superior noise advantages compared to detector 

arrays. 

 

Figure 33: Schematic diagram of (Left) image-plane and (Right) pupil plane beam 

combination. Adapted from [90]. 

 

Pupil plane beam combiners also come in many different forms. Instruments such as 

AMBER, Figure 4, developed for the VLTI, use a complex optical table filled with bulk 

optic mirrors and beam splitters to acquire interferograms from each pair of three 
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telescopes in the VLTI array. Others, such as FLUOR (Figure 34) or MIRC (Michigan 

Infra-Red Combiner) at CHARA, use single mode optical fibres for the beam 

combination. In the case of MIRC, for example, six mid-infrared optical fibres are used 

to collect light from the six telescopes in the array. These fibres were then placed in a 

non-redundant linear arrangement to interferometrically combine light onto a camera. 

By using a non-redundant linear array, light from each pair of fibres generates fringes 

with a specific period on the camera, allowing the fringe visibility for each pair of 

telescopes to be evaluated.  

 

Figure 34: Schematic diagram of the MONA fibre beam combiner used in the FLUOR 

instrument at CHARA. Taken and adapted from [93]. 

 

A powerful alternative to fully-fibre beam combiners that has gained increasing 

popularity is the use of integrated optics, as first proposal by Kern et al in 1997 [12] and 

now used in instruments such as PIONIER [91] and GRAVITY [9] at the VLTI. In this 

case, all the necessary components, including beam splitters, passive phase shifters and 

couplers can be integrated onto a single integrated optic chip, as shown in Figure 35 for 

the 4-telescope integrated optic beam combiner used in GRAVITY [9]. In the paper that 

accompanies this chapter, I present the development of 3 dB asymmetric integrated 

waveguide couplers for astronomical K-band interferometry at the CHARA array. 
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Figure 35: (Top) Schematic diagram of the waveguide layout for the 4-telescope 

GRAVITY beam combiner. (Middle) Phase shifting section required to generate the 

ABCD sampling of the interferogram. (Bottom) Photograph of the integrated optic chip. 

Taken and adapted from [9]. 

 

4.2 Aim of the study 

The aim of this study was to develop an integrated optic replacement for the MONA 

fibre beam combiner used in the JouFLU beam combination instrument at CHARA, 

Figure 34. Over time, fibres in MONA have started to experience a degradation in 

performance, making high-resolution astronomy in the K-band difficult. The aim of this 

work was therefore to develop an integrated optic beam combiner to revive the JouFLU 

setup and enable K-band interferometry. The aim, therefore, was to fabricate an 

integrated version of the fibre beam combiner schematically presented in Figure 34. 

To develop the integrated optic beam combiner, K-band waveguides that were single 

mode between 2.0 µm and 2.4 µm were first developed using Infrasil silica glass 

substrates, a low OH form of silica glass which has low-loss transmission of light over 

short lengths (~ few cm) out to ~ 3.0 µm. After this, K-band evanescent couplers using 

identical waveguides were then developed which exhibited > 50% power transfer, but 
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highly chromatic coupling behaviour. A new approach was then used to “detune” one 

waveguide relative to the other by adiabatically varying the width of one of the 

waveguides that forms the coupler. The result of this detuning is to achromaticise and 

reduce the coupling of the coupler. In this manner, we were able to develop K-band 

achromatic 3 dB couplers which will form the building block for a replacement 

integrated optic beam combiner. 

4.3 My contributions 

This section explains what contributions were made by myself and my co-authors 

towards the work in the following paper. I used ULI to fabricate and optimise straight 

waveguides for K-band operation in Infrasil glass with guidance from A. Benoît (AB). I 

adapted a code provided by D. G. MacLachlan to efficiently control the complex 

movement of the glass in the laser focus during the fabrication. I used ULI to fabricate 

and optimise the evanescent field couplers for K-band operation. I conducted all 

characterisation measurements. I analysed the data with AB. 

The polarisation study and interferometry measurements were performed by 

T. K. Sharma. The interface of the beam combiner and fibre v-groove was planned by 

A. N. Dinkelaker. The paper was written by AB with input from myself and all other 

authors. 
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Chapter 5- Conclusions and outlook 

5.1 Conclusions 

This thesis introduced the area of exoplanet research within astronomy, and set out the 

instrumentation standards, challenges, and developments towards solutions which are 

currently relevant to the field. The importance of spectrographs and beam combiners in 

this matter was developed and in particular, astrophotonics was proposed as a method of 

improving instrumentation for exoplanet research. Current examples of astrophotonic 

devices such as photonic lanterns, laser frequency combs and integrated beam 

combiners were introduced, and it was shown how these are already improving 

astronomical capabilities. The technique of ULI was introduced, in particular the 

potential of ULI waveguide-based devices in astronomical instruments such as 

spectrographs and beam combiners. Three chapters demonstrating successful 

applications of ULI in astrophotonic devices followed this introduction. 

High-resolution spectrographs such as those used in radial velocity observations, often 

suffer from modal noise, especially in the near-IR. Modal noise causes variations in the 

output speckle pattern and therefore acquired spectrum due to movements in the fibre 

and input. Typically, this is mitigated by agitation of the fibre so the noise can be time-

averaged. The PIMMS design was proposed as a way to mitigate modal noise in an 

innovative astrophotonic way, but the pseudo-slit is very long and requires a large 

detector. The hybrid reformatter developed by MacLachlan et al made use of a ULI slit 

to overcome this challenge, and demonstrated strong on-sky throughput. 

A prototype spectrograph was constructed in order to measure the level of modal noise 

mitigation the hybrid reformatter could provide over a comparable basic multimode 

fibre using conventional fibre agitation techniques. One method of comparison using a 

broadband source and performing a statistical analysis indicated a factor of 6 reduction 

in modal noise. A second method of comparison monitoring the variation in positions of 

multiple spectrally narrow peaks indicated the hybrid reformatter mitigated modal noise 

to the same level as a single mode fibre i.e. the modal noise was below detectable limits. 

Further analysis to account for temperature variations in the lab maintained this 

conclusion. The single spectroscopic line radial velocity precision of 80 m.s-1 

demonstrates strong capabilities for hybrid reformatter-based spectrographs. 
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A further area of interest in exoplanet observations is direct imaging, and in particular 

the combining of this with spectroscopy so as to characterise the atmosphere. IFUs are a 

suitable method for this, and require a high density of single mode cores. A multicore 

fibre based IFU has been identified as a way to meet this need. The main challenge with 

this was avoiding overlap of the huge number of spectra on the detector which was 

spread out by a ULI reformatter. 

The full MCIFU instrument consisted of an MCF with microlenses to enable efficient 

coupling, a ULI waveguide reformatter, a mask to block stray light made by ULI 

assisted chemical etching, and a VPHG-based spectrograph. Lab results indicated the 

reformatter cores had throughputs in J-band of up to 67% with good alignment, and the 

mask blocked stray light by many orders of magnitude. An on-sky run at the WHT in 

July 2019 demonstrated a successful proof of concept by resolving the Earth’s telluric 

lines from a spectrum of Vega. 

Stellar interferometry is a popular observation technique requiring a beam combiner 

instrument. Integrated beam combiners are currently offering good performance in 

state-of-the-art instruments. The MONA fibre beam combiner at the CHARA array has 

suffered a degradation in performance, and the use of ULI in the development of 

asymmetric integrated waveguide 3 dB couplers for astronomical K-band interferometry 

at the CHARA array was undertaken. 

The 1.2 ± 0.5 dB insertion losses in the resulting K-band single mode waveguides 

indicated strong potential for on-sky performance. 3 dB achromatic coupling was 

achieved by varying the interaction length of two coupler arms and detuning the 

propagation constants via narrowing of one waveguide core. The coupler exhibited an 

interferometric fringe contrast of 92%. The potential of this ULI beam combiner is 

strong and is due to be tested on-sky. 

These three ULI devices each demonstrate a successful application of the technique to 

astrophotonic instruments. The ability to create specific waveguide components has 

addressed many of the challenges similar instruments need to overcome, in a cost-

effective and scalable manner. Going forward, the work contained in this thesis may be 
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further developed to give instrumentation engineers confidence in the effectiveness of a 

ULI-based instrument, and improve observation capabilities overall.  

5.2 Future work 

This section describes recent developments in the continuation of the work in this thesis 

and suggests some ideas for improvements. The suggestions are not exhaustive, but I 

hope the reader may find them useful. 

The spectrograph used to investigate modal noise had a basic design. With the initial 

study showing promising results, a next step could be the integration of the hybrid 

reformatter with a spectrograph engineered for a higher resolving power and greater 

environmental stability, and with a cross-dispersed design encompassing a larger 

spectral region. Improvements in the stability of the ULI process could allow for a 

straighter slit to be produced in future. The stray light may also be blocked in a much 

more effective way by using a mask manufactured in a similar manner to the one used 

on the MCIFU reformatter. 

A number of possible improvements to the MCIFU were identified, including those 

relating to the gratings, detector, and microlenses. Specifically regarding the 

reformatter, with more development time it would be possible to perfect the alignment 

process so that all cores had the same throughput as shown in the central ones, and the 

mask could also be refined for a more precise fit and alignment. Testing of the 

instrument at MagAO-X in Chile was planned but delayed by the pandemic. The 

improved coupling from an extreme AO system may have demonstrated the multi-

object observing capabilities of this type of spectrograph. 

The production of a final beam combiner for CHARA was delayed due to the pandemic, 

but it is still the intention of our collaboration to test our device on-sky. Good progress 

has been made improving the ULI process, in particular the iteration of the beam NA 

via an SLM phase mask to optimise this very important parameter in a time-effective 

and repeatable manner.  
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