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Abstract
The photonic lantern is an adiabatic transition from an array of singlemode waveguides
to a single multimode waveguide, which has found use historically in astrophotonics as a
reformatter of light frommultimode to single mode, facilitating advanced instrumentation,
and in communication networks to allow better coupling and spatial multiplexing. The de
vice has never before been used for imaging, but is suited to certain forms of compressive
sensing.

Light is coupled into each of the singlemode waveguides at the input to a multicore fibre
photonic lantern, producing intensity patterns at the output of that lantern which are stable
to bending, and which are used as the sampling basis for a variant of compressive imaging
related closely to ghost imaging. Improvements to such imaging modalities require a
greater number of modes to be excited simultaneously, requiring a lantern with stable
polarisation properties.

With the aid of a de novo fabricated integrated lantern custommanufactured for such
tuned properties, more advanced techniques are explored. These include coherent com
bination of mode patterns to increase the possible sampling basis, as well as more com
plex techniques of beamshaping at the lantern output facet through holographic projection.
These proofsofconcept of the novel imaging techniques show the previously undiscov
ered value of photonic lanterns in the field of imaging, and their promise for endomi
croscopy systems.
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I am out with lanterns, looking for myself [1]

For Shilpa, the architect of my survival
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1 | Introduction

to care for the people on the edge of the light [2]

The importance of imaging in technological solutions cannot be overstated: in fields from

astronomy to medicine, there is an ongoing pursuit of everbetter imaging platforms to

enable and facilitate basic science. Imaging systems are judged by their suitability for

their particular purpose, but also by their resolution, their stability, their easeofuse, com

pactness and robustness. These latter qualities allow imaging platforms to be used in an

everwidening range of situations. This thesis will provide an account of research con

ducted into the feasibility of using a novel optical device known as a photonic lantern to

overcome some of the hurdles faced in the pursuit of more compact and capable imaging

platforms, especially in the particular case of microendoscopy, i.e. imaging at the end of

a robust and flexible tubular device, at microscopic resolutions.

Photonic lanterns have found application in several fields since their conception, from

communications networks to astrophotonics. Until now, they have not been used in any

imaging modality, and this thesis therefore represents the first steps into an entirely new

application for this nowmaturing technology. As with the other uses to which photonic

lanterns have been put, the combination of singlemode and multimode performance in

the same device allows for a revolution in what is possible.

Whilst it relates directly to applications in medical devices and industrial inspection, the

research related in this thesis is ultimately basic science itself: the novelty of the techniques

is such that all of the experiments herein are true proofsofconcept, having taken place in

optical laboratories and with the targets of imaging taking the form of binary masks and

resolution test targets. The fact that the research is at an early stage should not detract from

the importance and universality of its applications, and both in conducting and presenting

these experiments a priority was made to ensure that the techniques would remain suitable

for translation into the potential applications.
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The thesis is structured thus: chapter two relates the results of a literature review in the

field of imaging using optical fibres, from 1930 to the present day. Chapter three deals

with a first proofofconcept of an imaging modality facilitated by the photonic lantern,

recounting some additional detail about photonic lanterns themselves. Chapter four tack

les the design and fabrication of a new, polarisationmaintaining photonic lantern by a

precision manufacturing technique known as ultrafast laser inscription. Chapter five com

prises two discrete efforts to use coherent combinations of waveguide modes to expand the

available imaging modalities. Chapter six presents a conclusion of the research activities

related in chapters three, four, and five, and also looks to the future of these approaches and

their application to imaging through an optical fibre. Chapter seven is included to relate

some of the largerscale projects in public engagement with research that were undertaken

alongside the fundamental research covered by the other chapters.
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2 | Imaging Using Optical Fibres

I found folly everywhere, but there were grains of wisdom in every stream of

it. No doubt there was much more wisdom that I failed to recognise. [3]

The creation of optical fibres arguably dates back to the Roman era, when glass was first

pulled into wires or threads. The lightguiding properties of high refractive indexmaterials

weren’t understood until the 1840s, and then only in the context of light passing along the

water jet of a fountain [4]. The crucial advance towards imagingwasn’t to come until 1930,

when Heinrich Lamm carefully arranged a bundle of unclad glass optical fibres to convey

an image intact from one end to the other [5]. The distinction between these experiments

is illustrated in fig. 2.1. In the decades since, the technology utilised in imaging fibres has

been steadily refined in many ways to allow higherresolution images to be transmitted

through everslimmer fibres.

Figure 2.1: Illustrations of Colladon’s “light fountain” (left) and of the equipment Lamm
used in 1930 to demonstrate image transmission through fibres (right).
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2.1 Optical Fibre Imaging Technologies

The competing technologies allowing imaging through a fibre can be categorised into three

classes: those using coherent fibre bundles, singlefibre coherent fibre bundles, or multi

mode fibres. These technologies are delineated by the nature of their internal structure

and the balance between complexity of manufacture and complexity of imaging modality.

2.1.1 Coherent Fibre Bundles

The coherent fibre bundle works according to the same principle as Lamm’s original fi

brescope: the crosssectional arrangement of the bundle of fibres is maintained along the

length of the bundle. This allows each fibre to effectively act as “pixel” in an image that,

just like the arrangement, is maintained along the length of the bundle. In the 1950s, a low

refractive index cladding was added to each fibre in the bundle to increase the robustness

of the fibres themselves, and to reduce crosstalk in the form of light “leaking” from one

fibre to another where their surfaces touched [6]. It should be noted that cladding the fi

bres reduces the throughput of the fibre bundle since light falling on the cladding or from

outside the acceptance angle at the input facet is not guided to the output facet.

In the pursuit of higher resolution in a coherent fibre bundle, the diameter of the fibres

has been reduced and the fibres themselves packed more closely together: this allows for

more “pixels” in the same area, which translates to higher resolution but with the same

field of view. Various lens systems have also been used at the distal end of a fibre bundle

to change the field of view to suit the intended application, but it must be remembered that

because the image is “sampled” by the fibres of the bundle, any increase in field of view

comes at the cost of reduced resolution, and vice versa. To change one without the other

requires changes to the bundle itself, and as a result of this, the development of bundles

eventually turned to the singlefibre coherent fibre bundle (SFCFB).

2.1.2 Single Fibre Coherent Fibre Bundles

As suggested by its name, an SFCFB consists of a coherent fibre bundle copackaged

into a single fibre. Instead of discrete fibres held together by some external structure, the

imaging fibre cores share a common cladding, allowing for a more robust construction

which can also be significantly reduced in crosssection and complexity. SFCFBs can

4



be manufactured by a “stack and draw” method: glass rods of different refractive index

are stacked to create a preform, and the resultant structure is heated and “drawn” in a

fibredrawing tower, illustrated in fig. 2.2. The macroscopic structure of the preform is

maintained through the drawing process to be reflected in the microscopic structure of the

drawn fibre. By simply drawing the fibre faster, the structure is made smaller, to the point

where imaging cores can be made as small as a singlemode core (i.e. a few wavelengths

in diameter).

Figure 2.2: A fibre preform is heated in a furnace and drawn to create a microscopically
structured fibre.

SFCFBs are the current stateoftheart in clinic, and have resolutions in the fewmicron

range, limited only by how closely the imaging cores can be packed without significant

coretocore coupling. This coupling is strongly wavelength dependent [7], and is much

stronger between cores which are geometrically similar and therefore have similar prop

agation constants [8]. Proposals to overcome such coupling span the range from manu

facturing bundles where adjacent cores are dissimilar [9] to adding lowindex “trenches”

around each core [10]. Perhaps the furthest these technologies can go without resorting to

much hardertowork highindex glasses is to airclad each core [11].
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2.1.3 Multimode Fibre Imaging

The limitations in resolution and lightgathering capacity of SFCFBs are inherent in their

architecture, and cannot be improved far beyond what is currently possible. In order to

achieve submicron resolution, it is necessary to step away from the idea of sampling the

light field at the distal facet using discrete and wellspaced fibre cores, and instead to think

about collecting a much greater proportion of the light falling on the facet. To this end,

the field of multimode fibre imaging has exploded in recent years.

Imaging through a multimode fibre is quite a different enterprise to imaging through a

bundle of fibres: in the latter case we can rely on the boundaries between separate fibre

cores to ensure that light does not wander too far from the region in which it entered

the fibre. In the former we see that light entering at a tightlyconfined focal spot on the

fibre facet emerges spread across the opposing facet in a speckle pattern which appears to

contain no useful spatial information at all: an example of such a speckle pattern is shown

in fig. 2.3. Fortunately, a multimode fibre can be considered as just a special case of a

scattering medium, and huge leaps have been made in imaging through such media.

Figure 2.3: A speckle pattern formed at the proximal end of a multimode fibre, caused by
illumination at the distal end by a focused spot. Scale bar indicates 10 microns.

In broad strokes, multimode fibre imaging is achieved by measuring the transmission

matrix of the fibre to be imaged through, and having thus established the exact manner

in which light is scrambled in passing through the fibre, using a spatial light modulator

(SLM) to “unscramble” the light and effectively retrieve the information encoded in the

6



particular observed speckle pattern. In this way, spatial information about the light field

impinging on the distal end of the facet can be recovered. An analogous technique can

arrange for a desired light field to be projected onto the proximal end which will produce

a wellformed spot on the distal facet. By scanning this spot it is possible to image by

observing only the overall intensity of the reflected (or fluorescent) light returned through

the fibre.

The greatest challenge faced by those trying to image through a multimode fibre is not the

computing power and SLM required to compensate for the measured transmission matrix

of the fibre, though these are indeed formidable obstacles. More challenging still is the

fact that the transmission matrix itself is dependent on the spatial configuration of the fibre:

that is to say that it is pathdependent. A transmission matrix measurement must be made

with the fibre already bent into the required shape, which is effectively impossible to know

in advance for most medical imaging purposes. Research in the field is currently focused

on the problem of measuring the transmission matrix of a multimode fibre in situ [12], but

this is currently a significant hurdle to the applicability of the technique.

2.2 Medical and Biomedical Applications of Fibre Imag

ing

Before exploring the strengths and challenges of fibrebased imaging, it is important to

contextualise the parameters of interest by establishing the uses to which such imaging

will be put.

2.2.1 Established Clinical Applications

The imaging of large and relatively easily accessed internal body spaces was historically

done through the use of coherent fibre bundles or other fibrescope technology. However,

by the early 1990s medical instruments were moving to cameraontip technology due to

the available resolution improvements and the simplicity allowed by the lack of proximal

end optics [13]. Such technologies, which place a CCD or CMOS sensor at the distal end

of a channel, have resisted further miniaturisation and are thus too bulky and clumsy to be

able to access more enclosed or complex spaces within the body: a schematic overview

of the differences between distalend and proximalend imaging can be seen in fig. 2.4.
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Fibre optic probes are thus still used in a range of clinical settings, including for paedi

atric patients, bronchoscopy where access to the distal or “deep” lung is desired [14], and

imaging of the kidney [15] or nasal [16] spaces.

Figure 2.4: A comparison of proximalend camera technology (left) and distalend camera
technology (right). Note that in the proximalend case, the endoscope is formed of an
optical fibre, whereas in the distalend case the endoscope is carrying electrical wiring for
the light source and camera, and for data return.

In addition to being able to access smaller spaces, fibre endoscopes fail more gracefully

than camera endoscopes: damage to individual fibre cores will stop them from transmit

ting light, leading to “dead pixels” in the final image, whereas damage to the conductors

in a camera ’scope will lead to complete failure of the imaging system. Conventional

fibre endoscopes can also be miniaturised sufficiently to be delivered through the acces

sory channel of a cameraontip endocope such that initial guidance can be provided by

the larger and more capable endoscope, thus taking advantage of the strengths of each

technology.

A further advantage of fibrebased endoscopes lies in their flexibility: because the light

itself (rather than recorded information) is being transmitted along the fibre, it is possible

to develop novel modalities for imaging, including coherent techniques [17] as well as

Raman spectroscopy [18] or fluorescent imaging modalities [19].

2.2.2 Established Biomedical Applications

While imaging invivo in patients is almost universally the motivation for fibre imaging,

there are a number of applications in a biomedical setting which do not or have not yet

transitioned into a clinical setting. The principal focus of optical fibre technology in such

a lab setting is in optical fibre sensing, exploring the use of fibres to sense environmen
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tal conditions remotely. Fibres have a number of advantages in these applications: being

simple strands of inert glass, they are environmentally robust, they are immune to elec

tromagnetic interference and are mechanically sturdy enough to be easily and regularly

sterilised for reuse, avoiding crosscontamination of samples (or in future applications,

patients).

Fibre imaging is also wellsuited to integration with microfluidics. These are arrange

ments of channels and vessels, generally complex, usually manufactured in glass or poly

dimethylsiloxane (PDMS). They allow for detailed study of microscopically small quan

tities of fluids, often blood or other bodily fluids. Fibre optic imaging finds a natural fit

here, as the fibres can be integrated into microfluidic designs, obviating the placement and

alignment issues which can otherwise plague fibre imaging. The scale of the structures in

a microfluidic chip also lends itself to similarlyscaled imaging fibre bundles.

Optical Coherence Tomography (OCT) provides another avenue for imaging through a

fibre, quite distinct from the modalities previously discussed. Intuitively understood as

“ultrasound with lasers,” OCT leverages the exquisitely finescale measurements that can

be achieved by interferometry. Laser light is introduced to the region to be observed,

usually through a fibre, and reflections from boundaries between materials of different

refractive index are collected and combined with a reference beam from the same laser

source, split off at an earlier point. The instrument thus operates as an interferometer,

with differences in the path length of the “observation arm” measurable on the order of

115 micron [20].

Figure 2.5: An OCT fibre assembly, allowing “sidefacing” OCT to occur in a compact
package by reflection of light using a prism.

Typically, OCT is performed using a specialist fibre assembly intended only for use with

this modality, and incorporating optics into the distal tip of the fibre that allow the beam

to be rotated around the axis of the fibre [21], as seen in fig. 2.5. Due to the nature of OCT

as a depthsensing technique, in combination with automated or manual “pullback” of the

fibre, this arrangement allows three dimensional imaging.
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OCT has found applications in the identification and characterisation of atherosclerotic

plaques, as well as other pathologies of blood vessel walls [22]. The use of fibres again

allows access to regions which otherwise defy in vivo investigation and which would nor

mally be subject to much more invasive biopsy for diagnosis.

2.2.3 State of the Art Applications

At the forefront of what is physically possible today is the work being done with rigid

singlefibre endoscopes for in vivo brain microscopy. Such microendoscopes have been

shown to be capable of micronresolution in animal models [23], and are minimally inva

sive due to the narrowness (~125 micron) of the fibre used to transmit the imaging infor

mation. This approach involves the use of a short, rigid section of multimode fibre, an

optical segment which introduces significant aberration, but which can nonetheless have

its contribution to the apparent “randomisation” of light undone by an SLM to recover the

spatial information and allow imaging.

SFCFBs are currently used in clinic, in applications including imaging in the deep lung

[19]. The alveolar spaces at the end of the bronchialmaze are on the order of amillimetre in

diameter, so very narrow imaging fibres are required to avoid undesirable lung perforation.

The resolution limits here are again in the micron range [24], allowing the identification

of appropriately stained cells, but not cell structures or morphology. The codelivery of

stains or labels into the same space as the imaging fibre presents a further lower limit on

endoscope diameter, which is one of the driving factors in resolution increase: the tissues

in question are strongly autofluorescent, meaning that with higher resolution, labelfree

fluorescent microscopy could be enabled.

2.3 Imaging Using a Single Fibre

For the purposes of medical device packaging, singlefibre solutions are preferable due

to their robustness, ease of sterilisation, and generally lower diameters. However, they

present their own set of challenges, as will be outlined in this section.

2.3.1 What is Optical Imaging?

It behooves us at this point to define what we mean by optical imaging before we launch

into an exploration of how exactly we can expect to do it. In an abstract sense, what
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we do when we image is capture the spatial variation in some structure, as measured by

its interaction with (in our case) visible or nearvisible light. Typically, optical imaging

systems are designed to keep the spatial variation in the light field after this interaction

intact such that it can be measured using a spatiallysensitive detector, and this is how we

generally imagine an imaging system to work.

2.3.2 The Challenge of Single Fibre Imaging

By placing a fibre between the structure to be imaged and the detector that is used to take

the measurement, we introduce an element which complicates the relationship between

the spatial variation of the structure and the spatial variation of the light field at the point

of measurement. This complication is not easily or intuitively understood, so we must

develop a model to elucidate the process at work.

2.3.2.1 The Propagating Mode Model

Optical fibres are a particularly useful subset of waveguiding structures, or more specifi

cally opticalwavelength electromagnetic waveguides. The physics underlying such struc

tures is decidedly nontrivial, but can be well approximated by a number of mature meth

ods, which will be explored here.

The most intuitive way to understand optical structures is generally considered to be geo

metric (or ray) optics. This models light as moving in “rays,” exclusively in straight lines,

and interactingwith interfaces through reflection or refraction. We can begin to understand

awaveguide by considering a devicemade in three planar sections, with a higherrefractive

index material sandwiched between two lowerindex materials above and below. Such a

device is known as a “slab waveguide,” and is schematically illustrated in fig. 2.6.

Figure 2.6: A diagram of a slab waveguide, showing higher refractive index material
sandwiched between like layers of lower refractive index material.
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When a ray of light enters the slab waveguide at any angle that is not in a plane parallel

to the section boundaries, it will eventually impinge upon a boundary between materials

of differing refractive index. At this point, it will be either refracted or totally internally

reflected, depending on whether it is at an angle smaller or greater than the critical angle

for that interface, as measured from the normal. The critical angle is dependent on the

difference in refractive index from one material to the next, being smaller with a larger

difference according to Snell’s law.

If the two materials with lower refractive index are identical as well as parallel, a reflected

ray will meet the other boundary at an angle that is also greater than the critical angle,

and be totally internally reflected once again, heading back towards the first interface.

Thus the wave is confined to the higherindex material in the middle, and can be said to be

“guided” in one axis by the structure. It is of course impractical to build a device consisting

of planar sheets of infinite extent, but the boundary effects are such that the planar model

serves well in devices of reasonable size. Of course, being able to guide a wave in only one

dimension is not of great practical use, and so greater confinement is inevitably sought.

Figure 2.7: A diagram of a light pipe, showing higher refractive index material completely
surrounded by lower refractive index material.

A “light pipe” can be thought of as a version of a slab waveguide with an extra dimension,

wherein the planar sandwich is replaced by a device with a welldefined propagation di

rection and a radial symmetry around this direction: a cylindrical waveguide. Again, we

can understand fairly intuitively how a ray, entering such a structure at an angle which is

reasonably acute to the propagation direction, will find itself being repeatedly internally

reflected from the boundary between the highindex core and the lowindex cladding. We
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would then anticipate that such a structure would be able to guide light, and provided that

there were only very slight changes in the orientation of the interfaces, we would expect

such guiding to occur even with changes in the propagation direction, allowing our wave

to be guided through 3D space.

The “light pipe”model is useful in gaining a basic understanding of the operation of optical

fibres, but it ultimately relies on the ray model of light which breaks down under certain

conditions, including when the ray is confined to a small volume. In order to understand

better what is occurring in an optical fibre with a narrow core, we must return to the

most fundamental understanding of what light is and how it behaves: disturbances in the

electromagnetic field as described by Maxwell’s equations.

Maxwell’s equations describe the relationship between the electric and magnetic compo

nents of the field across a volume of space, and how they vary with time. It is beyond

the scope of this introductory chapter to explore how solutions to the equation can be

found which meet the boundary conditions provided by a dielectric waveguide, but those

boundary conditions are that the magnetic field along with the tangential component of

the electric field are continuous at an interface. “Guided mode” solutions also exhibit

exponential decay of the field outside the core/cladding boundary.

From these conditions and Maxwell’s equations themselves, we can in theory work out

the nature of the fields that can exist within a waveguide, however we find that such an

analytical solution leads to a set of partial differential equations which defy calculation

in all but the simplest of cases [25]. We therefore turn once again to approximations

and models of expected behaviour in the field, which lead us inevitably to the treatment of

modes, or solutions to the wave equations which satisfy our boundary conditions. These as

a set encompass the ways in which light can interact with a dielectric waveguide, including

both guided modes as alluded to earlier, and radiative modes in which light is lost to the

environment outside the waveguide cladding.

All but the two cylindrically symmetric modes, i.e. those in which there are components

of both the electric and magnetic fields which are parallel to the propagation direction are

socalled “hybrid modes” [26]. Such modes are still a challenge to describe, and indeed

there was historically some disagreement about how to characterise them [27]. Fortunately

for this treatment, our challenge can be lessened by making some assumptions about the

waveguides we wish to model. In particular, when we are talking about optical fibres
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we can embrace the fact that the refractive index change between the cladding and core

is generally very small, leading to what is called a “weakly guiding” fibre [28]. Such a

constraint, combined with a stepchange in the refractive index of the fibre means that

there is negligible coupling between the field components, in turn leading to a model

which does not include rotation of polarisation states. This allows us to describe the light

transmission through the fibre using the basis set of linearly polarised (LP) modes rather

than the more complex hybrid modes.

Figure 2.8: The first few LP modes of a circular waveguide. Lines denote areas of oppos
ing phase.

The LP modes are described by linear combinations of Bessel functions [29], and the first

few are illustrated in fig. 2.8. These modes are useful generally in understanding the way

that light propagates through a waveguide, and there are many techniques which rely on

understanding and manipulating these modes to improve throughput or communication

through a fibre [30]. For the purposes of imaging, it is the case that the LP modes act

as a sampling basis, where the spatial information required for imaging is encoded in the

modes, and scrambling or coupling of modes is undesirable, if inevitable. The modes

guided by an optical element are the basic unit of information transmitted through the

fibre, and the relative intensities of each mode are what must be retrieved to reconstruct

an image.

The use of Bessel functions in the description of LPmodes allows us to define a normalised

frequency parameter V, such that

𝑉 = 2𝜋𝑎
𝜆 (𝑛2

1 − 𝑛2
2)1/2 (2.1)

14



where 𝑛1 and 𝑛2 are the refractive indices of the core and cladding, 𝜆 is the wavelength of

the light to be guided, and 𝑎 is the diameter of the core. Most pointedly for our purposes,

a fibre with a V smaller than 2.405 will only support one guided mode, with all other

modes radiative. Such a fibre is known as a singlemode fibre, and these have found

significant use in high bandwidth telecommunications technology, due to the suppression

of intermodal dispersion. The use of these fibres in such a highvalue application has

fuelled development of an impressive pace and degree over a period of decades.

2.3.2.2 Mode Scrambling

If the modes that make up our model of the behaviour of light in a fibre were the whole

story, it would be trivial to image through a multimode optical fibre: the light field at the

output would be exactly calculable, by decomposing the light field at the input into the

basis set of available modes and propagating those modes along the length of the fibre,

leading to a recombination and interference of modes at the output with modedependent

phase shifts. This recombination and interference leads to the situation in which light

coupled into a very localised focus at one end of the fibre can and will emerge from the

other end of the fibre in what is commonly called a “speckle pattern,” wherein the light is

spread across the entire area of the fibre facet [31]. Unfortunately, real systems are rarely

so simple as this, and what is observed in physical fibres is more complex.

Imperfections introduced in manufacturing, along with bends and twists, cause the fibre to

deviate from the model upon which we based our assumptions, putting the lie to the details

of this model. Relevant to our current problem, we see that the modes are not completely

uncoupled, and indeed meaningfully large quantities of energy can be transferred between

modes within the fibre. Suchmode coupling causes an effective loss of spatial information,

which is incalculable from first principles. However, for any given spatial conformation

of a specific fibre, such mode coupling and scrambling is in fact deterministic, and the

spatial information should in principal be recoverable with the appropriate calibration and

calculation.

2.3.2.3 Transmission Matrices

In pursuit of the information required to “unscramble” the light emerging from a multi

mode fibre, we generally speak in terms of the retrieval of the “transmission matrix” of

the fibre [32]. The transmission matrix is a “map” of the relationship between input and
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output light fields, defined in some basis set; freespace speckle patterns can be used [33].

The acquisition of this matrix relies onmeasuring the spatial distribution of both amplitude

and phase of the output light while different input light fields are introduced. Measurement

is usually done by interferometric means to obtain phase information, and is facilitated by

the use of an SLM in the input stage to quickly cycle through different input patterns. Re

cent developments indicate that it may be possible to measure the transmission matrix of

a sample without access to the distal end, using light from epifluorescence [34], or from a

“guide star” embedded in the distal facet [35].

Armed with the transmission matrix of the fibre (or indeed any scattering medium), it is

possible to utilise an SLM to correct the artifacts introduced into the light field by the fibre.

This makes it possible to either project the requisite pattern to produce a focal spot at or

after the distal end of the fibre, or to allow the retrieval of an image that has been projected

onto the distal end from the speckle pattern obeserved at the proximal end [36]. It is worth

noting that the transmission matrix can also be used empirically without premeasuring,

using iterative beamshaping to determine the necessary light fields [37].

2.3.2.4 Resolution Limits

Optical fibres are principally of interest for imaging purposes due to their narrow dimen

sions and subsequent ability to extend minimally invasively into the deep reaches of the

human body, or indeed of mechanical structures. Such narrow dimensions do however

lead to a consequently narrow field of view, and while this limits one’s ability to see the

wider picture, it does mean that we can expect resolution on the order of microscopy when

we image through optical fibres.

“On the order of microscopy” means that we should expect micronlevel resolution, which

we can approachwith coherent fibre bundles. The resolution of a CFB is determined by the

separation between lightguiding cores, which is in turn determined by the need to reduce

coretocore coupling. Such coupling occurs when the evanescent wave around one core

impinges on the region around a neighbouring core that could support an evanescent wave,

allowing some energy transfer between the guided modes of adjacent cores [38]. Such

transfer manifests in the image as a “smearing” of light across several cores. Asmentioned,

it is possible to bring cores within a few microns of one another without significant core

tocore coupling by using either highrefractiveindex doped glass in the cores [17] or

by ensuring that adjacent cores are distinct in their profile such that the guided modes
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are usefully dissimilar [39]. It is unlikely that the resolution of coherent fibre bundles

is going to increase significantly with time, due to the fundamental physical constraints.

Most development in this field is to do with reducing the cost of fibre manufacture and

improving the images obtained using techniques from image processing combined with

knowledge of the fibre properties [40].

Figure 2.9: A comparison of a coherent fibre bundle, shown on the left, and a multimode
fibre, on the right. The fibre bundle transmits information through the intensity of light
carried by each singlemode core, with cores having a stable alignment along the length
of the fibre. The separation of the cores is approximately ten times the diffraction limit.
The multimode fibre samples by LP modes the intensity variation of the input light, but
the modes are scrambled in transmission and a computer must be used to reconstruct the
spatial information. The LP modes sample at approximately the diffraction limit

The greatest advantage of multimode fibre imaging lies in the potential for higher resolu

tion, as shown in fig. 2.9. The theoretical limit on imaging resolution through a multimode

fibre is the same as that of any optical system: the diffraction limit imposed by the wave

length of the light being used. This limit has of course been exceeded in some imaging

systems [41]–[43], and indeed, by mixing spatial modes in speckle patternmediated imag

ing, it has been shown that imaging below the diffraction limit is possible [44]. For novel

modalities, the diffraction limit is nonetheless a good threshold to aim for.

2.3.2.5 Coherent and Incoherent Imaging Through a Fibre

Sampling and separation techniques such as coherent fibre bundles work well with inco

herent light, and indeed colour imaging is possible through a coherent fibre bundle. On

the other hand, the phase conjugation or wavefront shaping required to image through a
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single multimode fibre is effectively impossible with incoherent light: such modalities are

destined to be forever monochromatic and largely laserdriven for the foreseeable future.

2.4 Routes Towards Single Fibre Imaging

Having established the theoretical basis and limits of spatiallyinformative light transmis

sion in fibres, we now turn to practical methods for imaging in a single fibre, bearing in

mind the framework established in the prior section.

2.4.1 Coherent Fibre Bundles

As indicated earlier, coherent fibre bundles can now be manufactured using stackand

draw techniques enabling a reduction in size and complexity to make the finished result

comparable to a single multicore fibre. The mode of operation of an SFCFB is relatively

easy to understand, especially by comparison to some of the othermodalities in this section.

This is because there are minimal interactions along the length of the fibre between the

spatial modes defined earlier due to the unique “sampling” nature of the SFCFB.

The light field at the distal end of the fibre is sampled by the fibre endfacet, which is

spatially selective by dint of the large number of separate lightguiding cores. Since each

core maintains its orientation relative to the rest throughout the length of the fibre, the

arrangement of cores at the proximal facet is identical to that of the distal facet. Thus,

the intensity of light incident on a core at the distal end is reproduced (less some propaga

tion loss, assumed to be relatively stable between cores) at the proximal end. While it is

likely that bending and twisting of the fibres will result in different phase delays between

different cores, there is no interference at the proximal end and ideally no coretocore

coupling, so the intensity output of each core should remain unaffected by those around it,

faithfully reproducing the spatial intensity information at the proximal fibre facet. All that

is then required for imaging to take place is for some (ideally spatially even) illumination

light to be provided at the distal end, and for the proximal facet of the fibre to be imaged

by a standard microscopic imaging method. The illuminating light can be coupled into a

separate but colocated multimode core, or if the imaging is to utilise sample fluorescence,

the excitation light can simply be coupled into the proximal end of the imaging fibre and

a dichroic mirror used to separate excitation and fluorescent wavelengths.
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Figure 2.10: An endomicroscopy image taken with a simulated SFCFB of ~63 micron
diameter. Note the visible grain structure created by the cores. Scale bar indicates 10
microns.
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The parameters of coherent fibre bundle imaging include the numerical aperture (NA),

coretocore coupling, the artifacts introduced by the common cladding and the inevitabil

ity of damage to individual cores within an imaging fibre, leading to “dead pixels” in the

final image where light is lost to the cladding modes. The resolution limit and imaging

artifacts can be seen in fig. 2.10, a simulated SFCFB image. Modalities include widefield

imaging, with [45] and without [46] distalend optics, OCT [21], structured illumination

[47], and confocal endomicroscopy, where the cores are used as one of the two pinholes

in a traditional confocal setup [48].

2.4.2 Resonant Fibre Mechanical Scanners

An entirely distinct method by which to avoid complexity in the fibre itself is to use a

singlemode fibre and scan it at the distal end in order to build up an image. This use of

a single fibre, source and detector carries with it the attendant advantage of allowing two

photon [49], Raman [50], and second harmonic generation [51] techniques to be employed

through the fibre. The modality essentially replaces the manufacturing challenges of a

coherent fibre bundle with the engineering challenge of scanning a fibre tip at the distal

location, i.e. in vivo. The requisite scanning system must be capable of covering a two

dimensional field with good repeatability and relatively even coverage, and be able to do

so within a package size that allows for delivery to the deep spaces of the body.

Scanning technologies centre around a cantilevered fibre tip able to move fairly freely

within a protective biocompatible jacket, with the cantilevered end sheathed within a

piezoelectric material which is driven in one of a number of ways to produce the required

movement at the fibre tip. Such a structure, along with other elements necessary for this

technique, are shown in fig. 2.11. There are two oftused scanning patterns, driven by

different voltage variations: spiral patterns, which are simpler to implement but where

coverage is nonuniform [52]; and Lissajous patterns, with good sampling characteristics

but more implementation challenges [53]. In both cases, there is usually a distalend lens

or lenses which serve the dual purpose of focusing/magnifying the region of interest to

be sampled by the scanning fibre tip, and of capping the jacket within which the fibre is

scanned, creating a sealed unit with lower chance of undesired physical interaction with

the imaged region.

Spiral patterns can be achieved by driving X and Y piezo plates (or electrodes attached to

the X and Y axes of a cylindrical piezo element) with a sinusoidal voltage which is close to
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Figure 2.11: The necessary elements of resonant fibre scanning microendoscopy: a distal
end piezo structure with x and y electrode pairs (left); a 1:3 lissajous pattern (central); the
end facet of a double clad fibre used for both delivery and collection of light (right).

the resonant frequency of the cantilevered fibre tip. These driving voltages have a phase

difference of 𝜋/2 to ensure that the fibre tip follows a spiral pattern, and the amplitude

must be steadily increased to scan a spiral rather than a circle. It can be concluded that

such a pattern will cause the fibre tip to spend the same amount of time at each radial

distance, whilst scanning a steadily larger area, resulting in greater fidelity of imaging in

the central region of the field of view. Hopefully it is also not too much of a leap to suggest

that the greater the length of the cantilevered fibre section, the larger the available field of

view, since the fibre can and will bend more.

Lissajous patterns are those which are created by a point oscillating sinusoidally in two

orthogonal axes at different frequencies [54]. These patterns are simple to drive and offer

good coverage of an area when the two frequencies are well chosen. There are some

constraints on the choice of frequencies that are well noted: if the frequencies are identical,

the only patterns formed will be a straight line, an ellipse or a circle, depending on the

phase difference between the driving voltages; if the pattern is to be closed (and therefore

repeatable), the ratio of the frequencies must be rational. Since the fibre tip is to be driven

at its resonant frequency, this means that we require the resonant frequencies in the two

axes of interest to be nondegenerate, requiring the use of either stiffening plates or unusual

fibre geometries or pairings to create a useful Lissajous scanner. The benefits are clear,

however: there is significantly more even coverage of the area of interest, and the added

side benefit of producing more rectangular images which are wellsuited to display on

conventional screens.

A final note about resonant fibre scanning technology: the use of a single mode fibre

allows preciselyplaced illumination light, but restricts the area available for light collec

tion and therefore sensitivity of the instrument, especially since the investigation of living

tissue constrains the input power of such instruments. In order to overcome this limita

tion, it is common to use a doubleclad fibre, with a central singlemode core surrounded

21



by a much larger and multimode collection core/cladding, which guides light thanks to a

secondary cladding of still lower index.

2.4.3 Multimode Fibres

In order to improve on the resolution available through a coherent fibre bundle, the gaps

between imaging cores must be eliminated, amalgamating all cores into a single imaging

fibre core. Spatial information is lost on coupling to a single mode fibre, so a multimode

fibre must be used to maintain transmission of such information. Having lost the “sam

pling” property of an SFCFB or resonant scanner, the problem once again arises of the

scrambling effect of the fibre on the light field impinging on the distal end, which must

be addressed for imaging to be made possible.

The least conceptually challenging method of imaging through a single optical fibre con

sists of measuring the aberration introduced by the medium of the fibre itself in the form

of the transmission matrix, and then recording the speckle patterns of light observed when

an image is projected onto the distal facet and “decoding” them with the help of the trans

mission matrix [32]. In this case, the sample is lit with a spatially even intensity, and

the information recorded is that which can be naively observed at the proximal end. This

method has a weakness, in that it only works well in transmission: in an ordinary reflec

tive (or fluorescent) endoscope, the illuminating light has also traversed the optical fibre,

leading to a pair of aberrations, one on the “way in” and the other on the “way out.”

It is possible to use holography to overcome this challenge, by measuring the interference

of light that has traversed the optical fibre with light that simply moves through a reference

arm [55]. Such an approach also requires the premeasurement of a transmission matrix

for the fibre and thus still suffers from poor robustness to bending and twisting, but it

can produce startlingly clear results, and the interferometric method inherently allows 3D

imaging to take place at the distal end of the fibre.

The approach of shaping the input light field has found significant favour, allowing as

it does the ability to ignore the aberration of returned light, by creating a scanning spot

[56] or spots [57] at the output of the fibre. By scanning a spot of light over a sample

and observing the total intensity of light reflected at each point in space, it is possible to

build up an image as one would in a confocal or other scanningspot microscope outside

the field of endoscopy. It is also possible to utilise speckle imaging, in which information
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is recorded about a scene by illuminating it with a reproducible but random pattern of

light and observing the reflected intensity, and then using an appropriate algorithm to

reconstruct an image. Such an approach can lead to resolutions high enough to discern

four times as many features as there are propagating modes in the fibre [44].

As an aside, the problem of measuring the transmission matrix in situ has been tackled by

various groups working to adjust the endoscope design so as to allow more information

to be retrieved from the distal end. Such approaches include the use of a partial reflector

to allow measurement of the fibre itself without interference from the scene to be imaged

[58]. It has also been shown that the transmission matrix is calculable if the conformation

of the fibre is wellcharacterised [59]. This work has the potential to be transformative,

as the inability to measure the transmission matrix of a fibre after bending is a significant

stumbling block.

2.4.4 Machine Learning

Another solution to the problem of unscrambling the specklepattern light fields produced

when images are transmitted through a multimode fibre can be found in the field of ma

chine learning. The mode scrambling and group velocity dispersion are both reasonably

stable over time and with changes in temperature. There thus remains a onetoone map

ping (for any given configuration of fibre) between the light field falling on the distal end

of the fibre and the light field emerging from the proximal end. This, in conjunction with

the relatively linear relationship between these fields, allows us to develop an understand

ing of the links between them without necessarily including an a priorimodel of the fibre

itself. It has been shown that the use of machine learning techniques, both with [60] and

without [62] deep neural networks, allow the elucidation of a projected image based solely

on the observed speckle pattern at the proximal end of the fibre.

Themachine learning approach involves training amodel with tens of thousands of images

and their corresponding speckle patterns, and while it has been shown that training on ran

dom patterns still allows reconstruction of images projected through the same fibre, these

reconstructions are definitely of lower quality than those facilitated bymodels trained with

images similar to those projected. It should also be noted that the model must be trained

for a specific fibre, and thus constitutes a potentially complicated and timeconsuming

process if it were to be applied in a clinical setting.
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Such techniques are promising, but in commonwith other multimode fibre imagingmodal

ities they suffer badly when the fibre in question is bent or twisted, destroying the oneto

one correspondence of the two fibre facets. This issue has been partially addressed through

the use of parabolic index gradedindex fibre, which is more robust to fibre bending [63].

It remains to be seen whether such fibres truly have the potential to overcome this problem.

2.4.5 Photonic Lanterns

In summary, SFCFBs provide excellent separation of modes in the body of the fibre

but have physical resolution limits which stateoftheart applications are already push

ing against, whereas multimode fibres offer potentially much greater resolution but suf

fer from significant changes to their aberration upon fibre bending and twisting due to

poor separation of spatial modes. A possible solution to this dichotomy presents itself in

the guise of an optical device known as a “photonic lantern,” schematically illustrated in

fig. 2.12.

Figure 2.12: A photonic lantern transition, from singlemode fibres on the left to a multi
mode port on the right.

A photonic lantern is an adiabatic guidedwave transition between an array of single mode

cores and a single multimode core [64]. They enable the combination of the characteristics

of both kinds of fibres [65]: for our purposes in imaging, a light field can be projected or

collected by the (highresolution) multimode port, but with the light itself carried in the

singlemode cores, robust to both bending and twisting. The photonic lantern transition

itself can be on the order of centimetres in length [66], and potentially significantly shorter

if manufacturing takes advantage of the greater control over core geometry allowed by

ultrafast laser inscription [67]. This is relevant for endoscopic purposes, as this part of the

endoscope might be required to be rigid to allow stable characterisation of the fibre and

subsequently imaging.
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It should be noted at this juncture that while photonic lanterns have their origins and many

of their applications in the field of astrophotonics, they have never before been used for

imaging purposes. In astronomy, fibres are used to “pick off” stars from the focal plane

of a telescope so that the light from those stars can be separated and processed through

various optical elements to learn more about the stars in question. Photonic lanterns have

historically been one of these optical elements, able to transform the naturally multimode

light field from a star into an array of single mode light fields which can be processed

in various ways. The lanterns themselves are entirely in the instrument section of the

telescopes, and take no part in imaging.

The use of photonic lanterns for imaging is entirely novel, and the properties which make

them suitable for this application are analogous to rather than directly reflective of the

properties for which they are chosen in astrophotonics.

Based on the discussions of multimode fibre imaging this chapter, the methods available

to image through a photonic lantern should be familiar, taking in speckle imaging and

manipulation of the input field to achieve a scanning spot, potentially in 3D. The difference

of significance is that there is expected to be much higher robustness to fibre movement

when using a photonic lantern than a multimode fibre, since the spatial separation of the

cores in the singlemode section limits aberration to phase differences between these cores,

with no further spatial component (a “piston” change). Since the remainder of this thesis

deals nearexclusively with the challenges of imaging through a photonic lantern, this

introduction will make no further attempt to explore this topic.
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3 | Computational Imaging Using a

Photonic Lantern

Part of the far shore disappeared into a shimmer that looked like water. There

was no certainty in seeing, no proof that what you saw was there or was not

there. [68]

The novel imagingmodalities explored in this thesis are those enabled by the use of a rather

interesting optical device: the photonic lantern. The research recounted herein finds its

path guided by the incorporation of this device into various established imaging platforms

as described in the previous chapter, but in order to truly understand the usefulness of these

devices, it is imperative to first understand the devices themselves.

3.1 What is a Photonic Lantern?

To reiterate the definition given in the previous chapter, a photonic lantern is an adiabatic

guidedwave transition between an array of single mode cores and a single multimode

core. One aspect of this definition remained unaddressed in that chapter, however.

3.1.1 Adiabatic Transitions

An adiabatic transition is one without loss in some specific regard: originally coined by

Rankine [69] in the context of the transfer of heat, the word literally means impassable,

referring to the inability of heat to leave the system during the transition. In the context

of waveguides and guided mode transitions, adiabaticity is delineated by the evolution

of light from the nth mode at the input to the transition exclusively into the nth mode at

the output of the transition, even if this output mode bears little resemblance to the input

mode [70]. The condition of adiabaticity requires only that the transition is sufficiently
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gradual that significant coupling between modes is avoided [71], thus satisfying Love et

al.’s criterion [72].

3.1.2 Photonic Lanterns

The photonic lantern, then, is an adiabatic transition between an array of single mode

waveguides and a single multimode waveguide. That is to say, it is inherently multimoded,

the transition being that between supermodes of excitation across the array of waveguides

and the spatial modes of the multimode waveguide. The supermodes themselves are the

result of coupling between the singlemodewaveguides as they are brought closer together:

when the spatial extent of their evanescent modes overlap, the LP modes couple with one

another and can no longer be treated as entirely separate [73]. The number of supermodes

in the array is equal to the number of individual waveguides, and it is these supermodes

which couple adiabatically to the LP modes of the multimode end of the lantern transition.

Naively, any pattern of light at the multimode end has a one to one correspondence to an

array of phases and intensities at the singlemode end, illustrated in fig. 3.1. Vitally for

our purposes, this correspondence varies only in phase with fibre bending. This hugely

simplifies the measurement of the transmission matrix of a bending fibre, and opens up

many possibilities for novel imaging modalities.

3.1.3 How Are They Made?

When they were first manufactured [65], photonic lanterns were made using techniques

developed for the manufacture of photonic crystal fibres. It proved difficult to obtain

truly lowloss devices based on this manufacturing technique however, and so attention

quickly moved on to lanterns made with solid cladding materials. These modern lanterns

take advantage of the more easily controllable NA and narrower (and therefore more eas

ily worked) devices allowed by jacketing. Jacketed lanterns are fabricated in one of three

ways [64]: tapering of a fibre bundle, tapering of a multicore fibre, or ultrafast laser in

scription, see fig. 3.2.

Perhaps most simply, a transition between a group of singlemode fibres and a multimode

fibre can be fashioned by encapsulating a group of singlemode fibres within a lowindex

glass capillary, heating this arrangement and stretching it to shrink the crosssectional area

sufficiently that the singlemode fibres coalesce to form the core of a multimode fibre and

the capillary begins to act as a cladding material [66]. This requires that the capillary be
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Figure 3.1: An illustration of the output from the singlemode facet of the lantern when
light is coupled to the multimode facet. Scale bar indicates 10 microns.

Figure 3.2: The three main methods of photonic lantern manufacture: Tapering of a fibre
bundle (left), tapering of a multicore fibre (central), ultrafast laser inscription of a photonic
lantern (right).
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made of glass with a lower refractive index than the cladding of the singlemode fibres,

and will result in two photonic lanterns joined endtoend. The working lantern can be

exposed by splitting the device at the narrowest point, creating a multimode facet. This

fabrication method, whilst relatively easy to implement, produces photonic lanterns which

are unwieldy, comprising many separate fibres joined at one end: this does not lend itself

well to fibre coupling arrangements, a problem which is only increased with an increasing

number of fibres. The method has nonetheless been used to fabricate lanterns with as

many as 61 singlemode fibres [74].

A more stable and usable lantern can be formed by starting from a multicore fibre rather

than many separate fibre cores. In order to best specify the parameters of the resulting

photonic lantern, the fibre would ordinarily be fabricated specifically for this use, but

such fibres can be made a few kilometres at a time, and used in sections on the order of

a metre, such that a single fibre fabrication can be used for the production of thousands

of photonic lanterns. Other than the change in this fibre sourcing step, the fabrication

proceeds on the same lines: a lowindex glass capillary is placed around the fibre, and

heat is applied to collapse the capillary by surface tension, then the whole arrangement is

stretched under heating to form the lantern transition itself. A further advantage of this

manufacturing technique is that singlemode optical devices such as fibre Bragg gratings

can be written directly into all cores simultaneously rather than being “hand crafted” for

each core [75].

The most stable photonic lanterns yet produced are formed in an allglass solid substrate

by ultrafast laser inscription. The process by which this is achieved will be explored in

greater detail in the following chapter, but in broad strokes, a glass substrate is translated

through the focus of an ultrashort pulsed laser, and coupling of the laser light into the ma

terial of the substrate causes structural modifications leading to a change in the properties

of the glass, mostly notably in the refractive index [76]. By controlling the translation and

irradiation precisely, it is possible to inscribe waveguides of higherindex material into

the bulk material, and 3D control allows 3D structures to be created, including the neces

sary transition from wellseparated to contiguous waveguide cores required for a photonic

lantern [67]. Whilst this structure is highly stable and exquisitely precise, ULI photonic

lanterns do tend to be higherloss than their tapered cousins, an issue in photonstarved

applications but less relevant to this work.
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3.2 Why Multicore Fibre Photonic Lantern Imaging?

The photonic lantern has its history in the field of astrophotonics, a lowlight regime in

which high losses are unacceptable (suggesting that singlemode optics would be particu

larly useful), but in which the light being studied is intrinsically multimode, and not readily

specified or manipulated. The photonic lantern enables efficient collection of light with a

relatively broad and multimode point spread function, followed by the lantern transition,

which allows devices which only work effectively in a singlemode regime, such as fibre

Bragg gratings, to be deployed. The question then arises: why would one imagine such a

device to be useful in an imaging application?

Our answer lies in the problems currently faced in singlefibre imaging: on the one hand,

SFCFBs exhibit great stability but are limited in their spatial resolution by the core spac

ing; on the other hand, multimode fibres (MMFs) allow extremely high (potentially be

yond diffractionlimited) resolutions, but are unstable to fibre bending due to mode cou

pling within the fibre. The same problem that was faced in astrophotonics reappears here:

the need to combine the favourable aspects of singlemode and multimode fibres.

By utilising the photonic lantern, the spatial information required for imaging can be col

lected by sampling the full area of a multimode fibre facet and then transported without

significant distortion along the bulk of a multicore fibre, with the light separated into

largely uncoupled fibre cores. This transition, and the modalities it enhances, are the crux

of the technique.

3.3 Computational Imaging

As with all imaging techniques that utilise multimode waveguides, the elucidation of the

spatial information in the detected light field can not be completed just by using a spatially

sensitive detector. We must turn instead to computers to help us see through the chaos.

3.3.1 What is Computational Imaging and When is it Useful?

It is often necessary to look at a technology or process from an unusual point of view if one

wishes to make a significant leap in progress. In order to understand what computational

imaging is, we are required to reassess our understanding of what imaging is, and to adopt

a particular point of view which will allow us to see the advantages and disadvantages of
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computational imaging as well as allowing us a mental model which is usefully descriptive

of the techniques.

Imaging, then, is the process by which information is recorded about an object by measur

ing the properties of a light field after it has interacted with this object. This information

will then be reconstructed to display the information of interest.

Traditionally, this light field begins in a state which is as even as possible, with no spatial

variation to speak of. Having interacted with the object, the light field is shepherded

by a set of optics to a spatiallysensitive detector, where the intensity of the light field

is measured. The requisite information about the object is then inferred and recorded

from this measurement. This inference may just come from assuming that areas with

high intensity on the sensor correspond spatially to areas of high reflectivity on the object,

and viceversa. A reconstructed image can in this case be produced by using the recorded

pixel values to determine the values of corresponding display pixels. This lowcomplexity

reconstruction is conceptually equivalent to projecting an image onto a screen using the

same optics that were used in the recording.

It is important to recognise in this model of traditional imaging that where a computer is

used to store the recording of the image, that recording is always subject to processing

before storage, if only to compress the recording. This model of traditional imaging is

illustrated in fig. 3.3.

Figure 3.3: A model of traditional imaging, showing the four stages of information repre
sentation.

Given that not all of the information recorded is stored after processing, the recording stage

can be altered to reflect this, and this alteration is the basis of computational imaging. In

short, in computational imaging the recorded measurements will no longer have a one

toone relationship with the reconstructed pixels, and will rather be indirectly related to

the reconstructed image, such that the conversion from measurements to reconstruction
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will be (significantly) more computationally intensive. This allows a smaller number of

measurements for an equivalent reconstruction, or a more complex reconstruction for an

equivalent number of measurements.

There are a number of imaging applications in which this kind of technique can be useful:

These applications are characterised by a desire to image in a position or modality which

is otherwise inaccessible. Tomography is the use of computer algorithms to create a 3D

model from a series of projections, where those projections are recorded by XRay (CT

scan) [77], ultrasound [78], or radio frequency signals under a strong magnetic field (MRI)

[79]. The projections are used as the input to a reconstruction algorithm which produces

as its output a detailed 3D model [80] which can subsequently be displayed in a number

of ways [81].

By using pulsed illumination sources and timeresolved detectors, it is possible to recon

struct images without lineofsight to the imaged object [82]. Most relevant to this work,

however, is singlepixel imaging, where the sensor itself records no spatial information at

all, but rather integrates signal over its entire sensitive area [83]. This is especially useful

when the wavelengths of interest are not easily recorded by pixelated detectors, such as in

the infrared [84] or ultraviolet [85] regions, but can also allow the use of a timeresolved

photodetector, spectrometer or photomultiplier tube in an otherwise conventional imaging

apparatus.

3.3.2 How Does Computational Imaging Work?

As alluded to in the previous section, computational imaging takes one or more aspect

of the image recording process and substitutes it for an additional computational step.

Since there are many steps in recording an image in the traditional sense, there are many

possible kinds of computational imaging. For the purposes of this thesis, the focus will

be very much on singlepixel imaging platforms. As described earlier, these replace the

pixelated sensor with one which does not have spatial sensitivity: instead, the selection

of spatial information takes place somewhere earlier in the imaging chain. This change

means that the data actually recorded has intensity measurements separated from spatial

information, and so algorithms must be chosen which allow the reconstruction of a spatial

intensity map from these measurements in aggregate.
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Figure 3.4: a single pixel camera with an SLM placed before the object to be imaged
(above) or between the object and the sensor (below). The illumination source and detec
tors are identical. Optical path shown by arrows.
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A singlepixel camera replaces the pixelation of the sensor with an SLM. The SLM is

placed before the sensor, either before or after the illuminating light field has interacted

with the imaged object, as illustrated in fig. 3.4. The role of the SLM is to encode known

spatial information into this light field: perhaps the easiest to understand encoding would

be to allow light from only one spatial location to reach the sensor at a time, by diverting

all the light which does not pass through this location away from the sensor. By scanning

the location of this “pinhole” across a field of view, we can measure the intensity of light

passing through each location, and reconstruct our image by assigning the measured in

tensities to the relevant pixels of the display. Such a method would be unbearably slow,

however, and so statistical techniques are used to collect spatial information more rapidly

[86]. These statistical techniques amount to the selection of a larger fraction of the light

field in a known pattern, and the use of a series of these patterns or basis set to build up

knowledge of the spatial distribution of light [87].

3.3.3 Free Space Computational Optical Imaging Systems

At this point, it bears taking a moment to acknowledge that there is some naming contro

versy in singlepixel imaging: as defined earlier, the field exists at the overlap between

optical physics, signal processing and computer science. This leads to different names be

ing used for what is broadly the same technique [88], where the choice of name correlates

only poorly with the details of the technique in question. Thus, single pixel imaging may

also be called structural illumination, ghost imaging, computational ghost imaging, com

pressive sensing or even dual photography, although this last more properly refers to the

computational relighting of a scene which has been recorded bymore than one singlepixel

detector [89].

Regardless of the nomenclature, the concept of a singlepixel camera with an SLM be

tween the object and the sensor has not found a great deal of traction beyond the initial

suggestion by Duarte. Of considerably more interest to the community has been the use

of an SLM between the illumination source and the object, leading to a structured illumi

nation form of singlepixel imaging. First suggested by Shapiro [90] and implemented

by Bromberg et al. [91], this imaging modality was poorly understood when first im

plemented, having grown out of ghost imaging which was believed to be an exclusively

quantum phenomenon [92]. It can be explained, however, purely in terms of the correla
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tion between the intensity distributions of light falling on the reference and signal detectors

[93].

Multiple detectors in a singlepixel imaging application open up interesting new modal

ities. By using detectors in different locations, it is possible to computationally relight

the scene from these angles using dual photography and use the differential lighting to

determine the 3D structure of the illuminated scene [94], and the use of spectrallyfiltered

photodetectors can be used to realise colour imaging [95].

3.3.4 Optical Fibre Computational Imaging Systems

Computational imaging finds an obvious match in optical fibre imaging, allowing the pos

sibility of utilising, rather than just mitigating, the idiosyncrasies of light transmission in

optical fibres. For instance, using an SFCFB in conjunction with an SLM can produce

a commonpath interferometer, allowing the phase differences between fibre cores to be

measured and thereby allow focus adjustment at the distal end of the fibre [96]. Multimode

fibres are even more idiosyncratic in light transmission than SFCFBs however, and might

therefore be expected to produce even more impressive results if those idiosyncrasies can

be exploited. Indeed, it is possible to use computational imaging techniques and an SLM

to image through multimode fibres fairly directly, by “undoing” the orthogonal transfor

mation of the fibre [97], [98].

Arguably the most obvious issue with attempting to image through multimode fibres is

that a focused point of light at the proximal end evolves into a speckle pattern at the distal

end. If one is willing to maintain the rigidity of the fibre during calibration and imaging, it

is possible to use these speckles as the illumination source, and treat the different speckle

patterns as the basis in which singlepixel imagingmeasurements are taken. This approach

leads to a very high spatial resolution, as reported by Mahalati et al. [44].

Perhaps most unusually, it is possible to make use of tuneable wavelengths from a broad

band source to image through a singlemode fibre. Although such a fibre by its nature

carries no spatial information, this information can be encoded either in the wavelength

dependence of a distalend generated speckle pattern for illumination [99] or inwavelength

encoding of spatial information using a diffraction grating [100].
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3.3.5 Computational Imaging Algorithms

Computational imaging is a complex endeavour, and reconstruction of images requires an

understanding of both the physical system which recorded the image data and the theo

retical underpinnings of the task at hand. The reconstruction algorithms can be broadly

grouped into two classes: intuitive algorithms which are naive as to the nature of the image

being reconstructed (and which are therefore more universally applicable); and compres

sive imaging algorithms, which leverage assumptions about natural images to reconstruct

more detailed images from the same or similar data.

3.3.5.1 Intuitive Algorithms

As a starting point, it makes sense to work with the algorithms from the early stages of

ghost imaging reconstruction. These algorithms initially consisted of the summing of the

illumination patterns, with each pattern normalised and then weighted by the measured

transmission/reflection intensity using that illumination pattern. This might be referred

to as “conventional ghost imaging,” borrowing nomenclature from Ferri et al. [101]. As

highlighted in their paper, this technique leads to images with such a low signaltonoise

ratio (SNR) that it can’t reasonably be used for imaging purposes in anything other than

large binary objects (i.e. all or none of the incident light being reflected/transmitted). A

significant improvement is seen when a beamsplitter is used to divert some of the incident

light onto a reference detector. This measurement is then added to the reconstruction

algorithm, in a technique known as differential ghost imaging. The algorithms in both

cases involve summing the contributions from each pattern: in conventional ghost imaging

each contribution is calculated according to eq. 3.1.

𝑂𝑖(𝑥, 𝑦) = (𝑆 − ⟨𝑆⟩)(𝐼(𝑥, 𝑦) − ⟨𝐼(𝑥, 𝑦)⟩) (3.1)

Where 𝑂 is the contribution to the reconstruction from pattern 𝑖, 𝑆 is the recorded in

tensity on the singlepixel detector, 𝐼 is the recorded pattern, and angle brackets repre

sent the ensemble average. This contribution can be identified as the Pearson correlation

coefficient for these values, which facilitates an intuitive understanding of how this re

construction method operates, as a pixelwise correlation between recorded intensity and

reflectivity/transmittivity. In contrast, in differential ghost imaging each contribution is

calculated according to eq. 3.2.
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𝑂𝑖(𝑥, 𝑦) = (𝑆 − ⟨𝑆⟩
⟨𝑅⟩𝑅) (𝐼(𝑥, 𝑦) − ⟨𝐼(𝑥, 𝑦)⟩) (3.2)

In this case, 𝑅 is the recorded intensity on the reference detector, the inclusion of which

leads to an improvement in the SNR which can be several orders of magnitude in cases

where the light intensity at the detector is large. It should also be noted that the differential

ghost imaging protocol is particularly robust to extra sources of noise.

These reconstruction algorithms are not only simpler to understand than the compressive

imaging algorithms detailed in the following section: they are also decidedly faster to

run on commodity hardware. For the experimental exploration of the novel technique,

the algorithm chosen was therefore one of this ilk, to facilitate rapid investigations of the

quality of recorded data. Specifically, the technique of “normalized ghost imaging” was

used, where each pattern contribution was calculated according to eq. 3.3 [102].

𝑂𝑖(𝑥, 𝑦) = ( 𝑆
𝑅 − ⟨𝑆⟩

⟨𝑅⟩𝑅) (𝐼(𝑥, 𝑦) − ⟨𝐼(𝑥, 𝑦)⟩) (3.3)

3.3.5.2 Compressive Imaging

In the model of traditional imaging presented earlier in this chapter, it was noted that a

large amount of information is present in the light field after it has interacted with the

object, which is then detected by a pixelated sensor before being compressed for storage.

Singlepixel imaging alters this picture somewhat, by separating the information present

in the light field into a time series of discrete chunks of information in the form of mea

sured intensities. Our reconstruction algorithms take these chunks and reconstitute them

into a pixelated image, and it should be noted at this point that the uncompressed image

representation is considerably larger in computer memory than the intensity measurements

themselves, as illustrated in fig. 3.5. This seems unlikely on its face, but an understanding

of compression methods can help elucidate.

Most information that is useful and understandable to humans contains a great deal of re

dundancy: prose tends to consist of similar groups of letters again and again, natural audio

exhibits unheard frequencies and a dynamic range that is wider than can be appreciated,

and images often have large areas of similar colours and intensities. The redundant in

formation may not be apparent under normal inspection, but very often becomes obvious
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when the information is resampled (without loss) in a new basis. An example familiar to

optical physicists is found by taking a Fourier transform of a natural image: in the fre

quency domain, it is clear that most frequencies, especially higher frequencies, are un or

underrepresented in the image. We call such a representation “sparse,” and by sampling

in the frequency basis, we could expect to set many points to zero with little effect on the

reconstructed image. To realise a high degree of compression, we turn to more complex

bases, for instance using a discrete cosine transform [103] or wavelets [104], but regardless

of basis the principle remains the same.

Figure 3.5: A model of compressive imaging, showing the four stages of information
representation.

To return to the experiments which are the subject of this chapter, we can see that by

sampling the object in the basis of the intensity patterns, we have compressed the spatial

information. This puts us firmly in the field of compressed sensing, where the sensors

record in a sparse basis, reducing the number of measurements necessary for reconstruc

tion of an image. While this has immediate benefits in simplifying image acquisition and

storage, it is particularly powerful in situations where the images we are recording are

likely to be processed for automatic information extraction, such as the identification of

bacterial load [105]. In such cases, it is sometimes possible to extract the information of

interest directly from the compressed data, utilising a socalled “smashed filter” [106] to

complete the classification without the computationallyintensive image recovery step.

3.3.5.3 An IllPosed Problem

In a compressive imaging modality, our intuitive approach of simply summing the appar

ent contributions of each pattern to each pixel is unlikely to be the best route to accurate

image recovery. Instead, we should turn to matrix inversion as a methodology liable to

produce superior results. In brief, the measurements taken by our singlepixel imaging

platform constitute a linear transform of the image that we wish to reconstruct, and in
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principle our image reconstruction algorithm is an attempt to retrieve that image using our

knowledge of the linear operator which has acted on it.

The problem with this approach should be relatively obvious: the number of measure

ments that were taken of the object is vastly exceeded by the number of pixels we wish

to reconstruct. This means that, viewed as a matrix operation, we have more unknowns

than equations. This in turn means that there are infinitely many solutions to the problem,

breaking one of Hadamard’s conditions for a wellposed problem [107] and giving us a

significantly more difficult task.

Our saving grace in this task is that we know the image to be sparse in one or more bases,

and indeed with natural images we would expect to find several wellknown bases to

work with. Our problem is thus reduced to finding a solution to a matrix inversion with

a welldefined number of equations and an illdefined, but presumably small, number of

unknowns. Recovering an alwaysexact solution to this problem is theoretically possible

by minimisation of the 𝑙0 norm, but in practice this is nonconvex and untenable [108].

Instead, we turn to minimisation of the 𝑙1 norm.

The problem of recovering a sparse image from incomplete measurement is one which has

a long history in radiointerferometry, and it is from this field that many of the reconstruc

tion algorithms have arisen. Perhaps the most longlived, CLEAN [109], has been shown

to be mathematically equivalent to an 𝑙1 minimisation with a positivity constraint [110].
This positivity constraint makes sense in the context of image reconstruction, as the final

result will be an intensity pattern which must be both real and positivevalued.

Improvements to minimsation of the 𝑙1 norm come principally from the addition of con

straints to the solution: the positivity constraint is one example, but there exist several

others. The algorithm used in the current work also includes a constraint on the accept

able level of discrepancy between the modelled image and the data, a value which is held

below the noise energy. The remainder of the optimisations to the minimisation problem

rest in the definition of the minimised value: rather than the convolution of the basis set

with the image that was alluded to in the previous section, the model uses an average of

different basis sets: in this case nine wavelet transforms. In addition, the algorithm is it

erative, and each iteration weights the model’s values using weights determined from the

solution in the previous iteration. The algorithm is called a Sparsity Average Reweighting

Analysis, or SARA [111].
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3.4 Simulations of Photonic Lantern Based Computa

tional Imaging

In recognition of the low corecount of the photonic lantern, and to ensure that the theory of

this technique was in line with experimental observations, simulations were performed of

the imaging experiment. More detail is available on the simulation technique in Appendix

A, but a brief overview is given here.

In order to simulate the expected speckle patterns, the multimode facet of the lantern was

modelled as a circular idealmirror waveguide. The field distribution of the 𝑁𝑠 lowest

order modes of such a lantern were calculated from first principles, and then combined.

𝑁𝑠 mutually orthonormal, but otherwise random, superpositions of these 𝑁𝑠 modes were

generated, and the square modulus taken to determine the intensity distribution of each su

perposition. The time taken to perform these calculations scaled linearly with the number

of pixels in the representation, which was weighed against the fidelity of the simulation

when deciding to use a number of pixels approximately one order of magnitude larger

than the expected number of resolvable objects. This density of pixels should ensure that

undersampling in the simulation will not have been the cause of any observed resolution

limit.

For the initial confirmation of the theory, the modes of a photonic lantern with 𝑁𝑠 = 121
were simulated and the overlap integral of each with an object image was calculated. This

formed the signal “measurement” for use in the reconstruction algorithms, and since the

patterns were normalised, the reference measurements in this case were all unity. The

rotation aspect of the experiment was also recreated by first rotating the simulated pattern

images before calculating the overlap integrals. Finally, to investigate the potential of

a highcorecount lantern, the modes of a photonic lantern with 𝑁𝑠 = 2000 were also

simulated, and the same technique used with more complex objects to assess the resolution

possible from this reconstruction method, both with and without additive Gaussian noise.
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Figure 3.6: One of the simulated modes of an circular idealmirror 2000 mode photonic
lantern.
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3.5 Experimental System for Photonic Lantern Based

Computational Imaging

At the centre of the experimental system lies the photonic lantern: in this case a 121 core

lantern originally manufactured for use in wavelengthtime mapping experiments [112].

This lantern was fabricated by first designing and fabricating a 121 core multicore fibre

with a square array of 11 × 11 cores using a core material of germaniumdoped silica,

with a common cladding of pure silica. The cores are separated by 10.53𝜇𝑚, and have a

diameter of 1.63𝜇𝑚 in a cladding with an outside diameter of 200𝜇𝑚. The NA of each

core is 0.22, and each was observed to support a single mode at 514nm, with a measured

mode field diameter of 2.1 ± 0.2𝜇𝑚.

This multicore fibre was then jacketed with a lowindex fluorine doped silica capillary,

which was heated in an oxybutane flame, causing it to collapse onto the fibre by surface

tension. A similar flame was then used to heat and soften the fibre to allow it to be tapered

by stretching. Finally, the fibre was cleaved at its narrowest point to reveal the multimode

facet of the lantern [75]. This multimode facet was 35𝜇𝑚 in diameter, with an NA of

0.22, making it very overmoded compared to the 121 modes of the fibre section. The

entire photonic lantern transition was approximately linear, and 4cm in length. For the

experiments described here, the fibre was shortened to 3𝑚 in length to facilitate handling.

Figure 3.7: An experimental system for photonic lantern imaging. Light from a fibre
coupled laser is freespace coupled using L1 and L2 into the singlemode end of a multi
core fibre lantern. The multimode end is imaged to the object plane using L3 and relay
imaged using L4 onto a camera for pattern recording. After the patterns have been ac
quired, the camera is replaced with a photodetector, which works along with the reference
photodetector to record information about the object placed into the beampath.

The photonic lantern forms part of an imaging system which is shown in fig. 3.7. Light

was freespace coupled from a 514nm fibrecoupled source into the singlemode end of the

42



lantern, which was mounted on a computercontrolled and nanometreprecise xyz stage

to facilitate coupling of light into different fibre cores. The patterns generated at the mul

timode end of the lantern were observed to be very stable with respect to fibre bending

[113], and indeed the fibre was repeatedly reconfigured during acquisition to reaffirm the

stability of the technique to bending.

The multimode facet of the photonic lantern was imaged through a beamsplitter to an

object plane and from there reimaged to ameasurement plane. A photodetector was placed

in the other arm of the beamsplitter output to act as a reference sensor (designated 𝑅 in

the earlier description of the imaging reconstruction algorithm). In the calibration step,

a CMOS camera was placed in the path of the beam in the measurement plane and each

of the singlemode cores excited individually to record their respective patterns. These

recorded patterns (designated 𝐼 in the algorithm description) are shown in fig. 3.8, and

exhibit the expected high degree of variability. For the measurement step, an object to be

imaged was placed in the object plane, and the camera replaced by a photodetector (𝑆 in

the algorithm description) in the measurement plane. The light was again coupled into

each of the singlemode cores, and the power measured by the photodetectors recorded

for each.

3.5.1 Rotational Extension

In order to establish the potential performance of a highercorecount photonic lantern,

this experiment was extended by the exploitation of the low rotational symmetry of the

projected patterns. In a secondary experiment, the object to be imaged was placed in a

rotational mounting which allowed it to be rotated around the optical axis. Nine sets of

data were captured, each time rotating the object by 40∘ and realigning the object with the

illumination patterns. The recorded patterns were then rotated in the opposite sense by the

same amount during reconstruction before being combined with the data acquired at that

angle to effectively reuse each pattern nine times. This yielded a set of measurements

with 1089 rather than 121 recordings each.
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Figure 3.8: All 121 multimode patterns observed during the calibration step of the imag
ing.
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3.6 Experimental Results from Photonic Lantern Based

Computational Imaging

The images presented in this section are, with a few wellnoted exceptions, the result of

reconstruction with the more complex and computationallyintensive SARA algorithm

outlined above, rather than the more simple and rapid algorithm that was used daytoday.

All experimental data was obtained using the experimental system shown in fig. 3.7.

The first set of images were a proofofconcept of the imaging technique, obtained by

covering different proportions of the frame with a knifeedge. This edge was placed hor

izontally and then vertically in the field of view, covering ~25%, ~50% and ~75% of the

light pattern. As can be seen in fig. 3.9, these situations are faithfully reconstructed by the

algorithm from only 121 measurements.

Figure 3.9: Proof of concept images of a knife edge object placed horizontally and verti
cally in the imaged region. In each column of results, the groundtruth is shown on the
left and the reconstructed image on the right. The field of view is 0.9mm. Figure from
[113]

To investigate the utility of the technique on more finelystructured objects, imaging was

again performed: this time the measured objects were an offset cross and a set of four
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elliptical spots intended to stand in for a more biologically relevant image. In this case,

the cross was unambiguously resolved, but the spots were too small to be captured in the

reconstruction. It can also been seen in fig. 3.9 that the results are in good agreement with

the simulations performed with this number of measurements, which also fail to resolve

the spots.

Figure 3.10: Exploratory images of more complicated objects: above an offset cross, be
low a set of four spots. The leftmost images are ground truth; the central images are the
results of reconstruction from experimental data; the rightmost images are the results of
reconstruction from simulated data. The field of view is again 0.9mm. Figure adapted
from [113]

Having reached the apparent limit of the 121core photonic lantern’s imaging capacity, the

same objects were imaged using the rotational technique to allow 1089 measurements to

be combined in the reconstruction. As can be seen in fig. 3.11, this led to a much better

defined reconstruction of the offset cross, and even the hint of the spots. It should be noted,

however, that these reconstructions are of significantly lower quality and detail than the

simulations of this experiment suggest we should expect. This is due to a known issue

in data acquisition, during which the rotated object had to be recentred in the field of

view manually, with the aid of an alignment ring. Indeed, it is possible to see evidence of

this ring in the reconstruction of the offset cross. The simulations give a more accurate

representation of the capabilities of this technique when used with a larger number of cores

than the experimental results obtained using the rotational method.
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Figure 3.11: Higher resolution images of the objects in fig. 3.10 obtained from reconstruc
tion based on: left  experimental data; right  simulated data. Again, the field of view is
0.9mm. Figure adapted from [113]

This is further reinforced by the final round of simulations, presented in fig. 3.12. These are

the results for an𝑁𝑠 = 2000 lantern, such as might be fabricated by jacketing and drawing
a SFCFB. The reconstruction is exquisite, resolving elements separated by only ~1.6%

of the diameter of the image in the case of the USAF target and replicating the greyscale

shading in the carcinoma cells. It can also be seen that Gaussian noise of iSNR = 50 is not

sufficient to degrade performance unduly: there is some speckling in the reconstruction,

but the image is certainly still clear.

As a final observation, fig. 3.13 shows the power of treating image reconstruction as a

matrix inversion problem rather than a correlation problem. Several of the images seen

in other figures in this chapter were reconstructed using the normalised ghost imaging

algorithm outlined earlier, and compared directly to the reconstructions from the SARA

algorithm as well as the ground truths. It is clear that the SARA algorithm outperforms

the ghost imaging algorithm, and a more advanced algorithm should be considered a pre

requisite of imaging in this modality.

3.7 Discussion and Further Work

The images presented in the previous section should be viewed in the context of other

stateoftheart imaging systems. What follows singles out specifically those modalities
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Figure 3.12: The highest resolution reconstructions, all from simulated data. The ground
truth images are of above, a USAF resolution target and below, calceinstained A549 car
cinoma cells. Leftmost is ground truth; central are reconstructions without noise; right
most are reconstructions from data with additive noise. As purely simulated data, the field
of view is arbitrary. Figure from [113]

48



Figure 3.13: A comparison of different reconstruction techniques. Above, ground truth
images; centrally, reconstructions using the normalised ghost imaging algorithm in eq. 3.3;
Below, reconstructions using the SARA algorithm. Images on the left use experimental
data, those on the right use simulated data. Figure from [113]

which use a multimode fibre as the medium: SFCFBs are robust to bending but ultimately

limited in imaging resolution, and photonic lanterns have never before been used for image

reconstruction at any level, leaving MMF imaging as the only real competing technology.

Photonic lantern imaging has been conducted at a low resolution as proofofconcept, with

simulations providing a clear indication of the future capabilities of the technology. The

simulated images are comparable to those obtained by firstprinciples prediction of the

TM [59], or by machinelearning [114], and superior to those obtained by hybrid methods

[62]. They are also capable of producing images with locationindependent resolution,

unlike methods involving distalend guide stars [35].

The real power of the photonic lantern technique lies in robustness to bending of the fibre,

something which cannot be claimed by any of the competing modalities save the use of

guide stars. The images presented here were obtained not just using a system which is ro

bust to bending, but using a fibre which was actively reconfigured during data acquisition.

This aspect of the modality is certainly the most important advantage for potential transla
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tion to clinical applications in endomicroscopy, as configuration dependence is crippling

for competing systems as currently implemented.

This proofofconcept trial of photonic lantern imaging presented a number of specific

problems which had to be overcome. The use of a freespace coupled system as an ana

logue to microendoscopic imaging allowed adjustments to be made in alignment and com

ponent choice, but also came with attendant problems of longterm drift in alignment

which required recalibration to be performed regularly and before data acquisition. The

reliance on manual control of the system also increased the timescale of data acquisition

such that highcorecount measurements were spread over several days, exacerbating the

problem of drift. The freespace setup is also the source of a degree of vibration sensitiv

ity in the measurements: it was possible to see evidence of doors in the adjacent corridor

being closed in some of the acquired datasets, necessitating additional repeat runs.

A further source of frustration is inherent in the use of multimode patterns for imaging:

the patterns are formed from lobes (described by Bessel functions in the LP modes) which

extend three dimensionally, meaning that determining focus is a challenge. Indeed, the

approach taken in these trials was to simply decide on a pseudofocus within the visually

acceptable range, and ensure that the placement of all imaging components were stable

within each calibration/data acquisition cycle.

A similar logisticallydriven choice was made in the use of the rotational modality. The

rotation mount which was used rotated around the centre of the target disc, a location

which was not aligned with any of the imaging targets: this meant that after each rotation

was fixed, the target had to be realigned with the system. A circle was included with

each target to facilitate this realignment, but ultimately each of these rotations involved a

degree of judgement which affected the final reconstructions from this data. Fortunately,

this additionalmodalitywas used only to show the possibilities afforded by a larger number

of imaging patterns, so the entire modality can be safely avoided in future.

Future experiments in photonic lantern imaging should instead be focused on solving the

remaining challenges of highresolution and realtime imaging using the modality, which

are manifold.

The technique is slow, both in data acquisition (which requires projection of and data

collection from realistically thousands of patterns) and in reconstruction of the images

(limited by the complexity of the SARA algorithm required for maximum resolution and
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fidelity). One proposed solution to this issue would be implement photonic lantern imag

ing as a highresolution adjunct to more wellestablished modalities: perhaps a SFCFB

could be used for realtime imaging and guidance of endoscopy, with a photonic lantern

cohoused and capable of image acquisition over a short period when the clinician has

placed the imaging fibre in the appropriate location.

Streamlining of the system could also entail the development of a galvomirror or DMD

system for input addressing of the many more cores required for highresolution imaging,

and an acquisition setup capable of measuring the reflected light returned through the

multicore fibre. Measuring returned light requires separating it from illumination light,

either in time (requiring a pulsed light source and timeresolved detector) or in wavelength

(i.e. a fluorescence modality, with illumination light filtered by dichroic mirrors).

There is room to grow in this modality when it comes to resolution: while the simulations

undertaken indicate that the diffraction limit is within reach, Mahalati et al. [44] indicate

that with a greater number of patterns it is possible to achieve superresolution imaging.

The number of patterns that the lantern is capable of projecting is limited by the number

of singlemode waveguide inputs, but coherent combinations of these inputs should yield

patterns with additional spatial variation in amplitude. Given the geometric relationship

between amplitude and intensity, such combinations are capable of producing 4𝑛 useful

patterns from 𝑛 modes, increasing the spatial resolution of the technique by a factor of

two.

This higherthann modality is not suitable for use with the photonic lantern used for the

studies in this chapter, as this lantern suffers from a problem common to most optical

fibres: the polarisation state of the output light field is not stable with respect to time. A

new lantern would be required to explore such a technique, and indeed that new lantern is

the subject of the following chapter.
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4 | Ultrafast Laser Inscription of a

Photonic Lantern

…a massive, gleaming piece of the most modern design [115]

The previous chapter of this thesis dealt with a novel imaging modality enabled by pho

tonic lantern technology. It closed with a discussion of the potential of such systems for

bendstable highthroughput imaging invivo, and suggested that with a greater number of

mode patterns it should be possible to achieve superresolution imaging. Indeed, as hinted

at the close of the literature review chapter, other imagingmodalities should in principle be

facilitated by the addition of a photonic lantern to the endoscope fibre: the spatial modes

at the output of the photonic lantern form an orthonormal basis, meaning that coherent

combinations thereof should open up the generation of almost any light field at the distal

end of the fibre [116].

By controlling the relative amplitudes and phases at the cores of the singlemode array,

an arbitrary light field should be generable, under the assumption that such a field could

be coupled to the multimode port. Crucially, this includes a 3D scanning spot which can

be placed anywhere accessible according to the NA of the output port. Spotscanning

modalities are not only capable of confocal imaging, but potentially Raman, twophoton

or second harmonic generation microscopy as well. The ability to create a focused spot in

planes parallel to the multimode facet would also allow for optical sectioning of a sample,

allowing three dimensional images to be built up from any of these techniques [117].

Light field control through coherent mode combination requires the light to traverse the

multicore fibre and the photonic lantern with a stable polarisation state: changes to this

state over time would be a source of variation that would likely destroy the generated

light fields. Such timedependent changes are unfortunately exactly what is observed in

the fibredrawn photonic lantern used for the work of the previous chapter. Temperature
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changes and stresses in the fibre cause the degeneracy of the 𝐿𝑃01 mode to break, and

differential phase shifts cause the polarisation to vary over a period of minutes. In order

to explore the potential of coherent mode combination in a photonic lantern, we must fab

ricate a polarisationmaintaining lantern. The chosen fabrication method for this photonic

lantern was ultrafast laser inscription.

4.1 Ultrafast Laser Inscription

Ultrafast laser inscription (ULI) is a fabrication technique which uses ultrashort pulses

of laser light to directly manipulate the properties of a transparent substrate material in a

microscopically localised manner [118]. By using translation stages to move either the

substrate or the focal point of the laser with respect to the other, it is possible to realise

a three dimensional structure defined by the local change in material properties, be that a

changed refractive index [119], Young modulus [120], thermal conductivity [121], optical

absorption [122], or chemical etch rate [123]. Indeed, the technique can be used to produce

different results in different volumes of the substrate without removing the sample from

the translation stages, allowing passive alignment of manufactured components to within

the resolution of the stages themselves, possibly in the nanometre range.

4.1.1 Basic Experimental System and Core Fabrication Capabilities

The system required to utilise ULI is centred around an ultrafast laser source, capable of

producing pulses in the hundreds of femtosecond to picosecond range. Such a source must

then be coupled to power and polarisation controls, and finally through a focusing optic

into the sample on its translation stage. To achieve the required synchrony and necessary

precision, all controls should be computeractuated.

The propertymodification which forms the core competency of ULI comes inmany guises,

but the only one pertinent to the work here is the ability to modify the refractive index of a

transparent substrate only within the focal region of the laser. This localisation is the rea

son that ULI can be used to fabricate three dimensional components includingmicrofluidic

devices, lenses and optical waveguides. The strongly confined modification is facilitated

by the nonlinear nature of the lightmatter interaction, which occurs as follows.

The substrate material and laser wavelength are coselected such that the photon energy is

below the bandgap energy of the material to be modified. This means that absorption of
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photons can only occur in the spatial confines of the laser focus and the temporal confines

of the ultrashort pulse. The extraordinarily high peak intensity in this space creates an

electric field (Efield) of such magnitude that nonlinear excitation processes are opened

up. At lower frequencies, the strong Efield causes an depression of the potential adjacent

to the coulomb well in which an electron is trapped: this allows the electron to tunnel from

the valence band to the conduction band in a phenomenon known as tunnelling ionisation

[124]. At higher frequencies, an electron may be simultaneously excited by enough pho

tons to facilitate its promotion to the conduction band directly, in a multiphoton ionisation

[125]. Both of these mechanisms are illustrated in fig. 4.1.

Figure 4.1: Nonlinear lightmatter interactions: tunnelling ionisation occurs when the
electron can ‘quantum tunnel’ through an asymmetrical energy potential (left) and multi
photon ionisation occurs when the same electron absorbs multiple photons simultaneously
(right).

When electrons have been promoted into the conduction band, they can then absorb more

photons which will put them into an excited state, whereupon collision with valence band

electrons may result in further promotions in an exponential growth of conduction band

electrons. The freeelectron plasma thus formed will have a resonant plasma frequency

which grows with the density of free electrons until it matches the frequency of the laser

pulse, causing a strong absorption of the remaining energy in the pulse. Following the

pulse, the energy absorbed will dissipate into the surrounding cold lattice on a microsec

ond timescale. This dissipation will have significant consequences depending on the pa

rameters of the ULI system.

4.1.2 The Role of the ULI Parameters

In the previous section, themechanism of energy absorptionwas explored, but the question

remains: why does this lead to a change in the properties of the material? The most likely

mechanism for refractive index change is the local densification of the silica structure
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[126], and the resultant stresses induced in the region around the pulse focus. This leads

to an increase in the refractive index of the substrate material [127], which means that

waveguides can be directly written, with the affected regions forming the lightguiding

cores.

Having established the mechanism by which ULI can form high refractive index regions

within a substrate, we can move on to look at the effect of changing the available pa

rameters. Unfortunately, due to the complex physicochemical processes involved, the

parameter space for a technique like ULI is enormous, and the parameters interact with

one another strongly. Fortunately, the goal of this work is very narrowlyscoped, and a

lot of work has been done in the field previously which can be used as a guide to sensible

parameter choice here.

The pulse repetition rate is of particular concern, as it is largely responsible for the transi

tion between two regimes of material modification [128]. At low repetition rates (in the

kHz range), the dissipation of energy from the focal volume will have taken place fairly

completely before the next pulse arrives and the modification therefore occurs exclusively

pulsebypulse, allowing fine control over the region and extent of the change. At high

repetition rates (MHz), the following pulse will have coupled to the material before it has

shed the energy of the previous pulse, allowing an accumulation of energy over many

pulses. This is known as the thermal regime: the region of modification is usually signifi

cantly larger and more symmetrical, but material damage is much more likely. The work

herein was limited to the dissipation regime, and the pulse repetition rate was maintained

at 500kHz in all studies.

When using ULI to write waveguides, an important consideration is how to produce

a waveguide crosssection which is usefully symmetric. The region of modification

is formed by the focal region of the laser, which is to say the modification will be

constrained within a space defined by the beam waist and the confocal parameter. One

way to a symmetric waveguide is to take advantage of the rotational symmetry of the

inscription beam by translating the stages along the optical axis, however this approach

limits waveguide length to the working distance of the lens, and is actually even further

limited by the depthdependent spherical aberration caused by the airsubstrate interface.

A more flexible method involves translating the substrate in a plane perpendicular to the

propagation direction of the beam, which allows much greater freedom in scale at the cost
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of an inherently asymmetric modification profile. These differing writing geometries are

illustrated in fig. 4.2.

Figure 4.2: Longitudinal and transverse writing geometries. The arrows show the direc
tion of sample translation.

There are a number of approaches to correcting the modification profile to a more sym

metric shape when using a transverse writing geometry. These include beamshaping tech

niques which affect the 3D shape of the focus to more closely match the beam waist and

confocal parameter in the plane of the waveguide cross section. This can be achieved

using a cylindrical telescope to tune the astigmatic difference of the beam [129], by the

use of a slit in the beam path [130] or using a deformable mirror [131]. An alternative

to beamshaping techniques can be found in the multiscan technique [132], wherein the

waveguide is built up over several passes of the laser, using a slight offset each time to

expand the region of modification into the desired shape. This approach was chosen for

the current work due to the repeatability under significant testing and tuning of the param

eters, and because the repeated scans result in a geometry where the degeneracy of the

polarisation states is lost, a prerequisite of polarisationmaintaining waveguides.

Control of the extent of modification is a delicate process: the laser fluence must be high

enough to cause permanent changes in the structure of the substrate, but not so high that

a more chaotic or destructive regime is entered [133]. To ensure a smooth index modi

fication and keep fabrication time within reasonable limits, control over laser fluence is

established by changes in pulse energy and translation speed: the latter in particular fa

cilitates fine control over the waveguide cross section and the nature of the guided mode

[134]. Changes in these two parameters may be balanced against one another: by increas

ing the translation speed, each region sees a smaller laser fluence, but increasing the pulse

energy will see this value go back up. For the work presented here, most of the finetuning

was done with these parameters, which were explored across a wide set of values.
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There are other parameters of the laser writing system which are more challenging to

explore: for any given laser source, the pulse duration and wavelength will be relatively

fixed, although each can have an effect on the inscription process. Similarly, there are

some parameters which do not necessarily require exploration: if the inscription beam

is linearly polarised, nanogratings may be formed which influence the rate of chemical

etching [135], but in this case such nanogratings are irrelevant and so the beam was given

circular polarisation for all studies to reduce the optical impact of nanostructures. The

focusing optics are also of note in some inscription techniques, since a change in optics will

change the beam waist and confocal parameter. As discussed earlier however, this work

uses a multiscan technique that meant control over the shape of the focus was eschewed

in favour of positional control. As a result of this decision, this work was carried out with

a single 0.4 NA lens and no beamshaping.

4.1.3 Applications of ULI

The unrivalled ability of ULI to create arbitrary and robust three dimensional optical struc

tures in integrated packages has proven to be valuable in a variety of fields. Perhaps the

most commercially valuable field in photonics is communications: optical fibre networks

form the backbone of modern internet architecture. Among other devices that can be

fabricated with ULI technology are fanouts, allowing simpified coupling of light into

multicore fibres [136], and demultiplexers capable of separating light by wavelength and

thus facilitating the combination of separate data streams in one fibre [137].

In the broader field of microoptics, ULI has found a niche in the precision alteration of

waveguiding structures, for instance to produce periodic Bragg gratings [138], Fresnel

lenses [139], and even infibre machzender interferometers [140]. It has also been possi

ble, through the modification of suitablydoped substrate materials, to create lasers insitu

[141].

By using ULI to create waveguides in specific configurations, with welltuned cross cou

pling between neighbouring waveguides, structures can be made which are analogous to

unusual states of matter, allowing the exploration of these states in a robust laboratory

setting. The field of quantum optics has allowed observation of quantum correlation in

a photonic lattice [142], and more recently topological protection of such quantum states

[143]. These technologies exhibit potential for future photonic chipbased quantum com

puters.
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Returning to less esoteric and more directly useful applications of the technology, the

field of astrophotonics stands to revolutionise the use of large telescopes by massively

reducing the size and lossiness of their associated instrumentation. This field has included

the exploration of integrated spectrographs [144], the fabrication of directional couplers

for interferometry [145], and facilitated the manufacture of a selfstabilising dualcomb

spectrometer [146].

By making use of the modification to chemical etch rate, it has been possible to create

all manner of useful three dimensional structures on a microscopic scale. These include

“standard” microfluidic cell separators [147] and more complex, multistep fabrication of

the socalled “ship in a bottle biochip” [148]. Microfluidics are not the only such structures,

though: it is possible to create mechanical parts such as flexures [149], and to build whole

micromachines out of such parts [150].

Finally, the technique opens up some truly unusual possibilities, including the laser modifi

cation ofmassproduced contact lenses to correct for higherorder aberrations [151]. There

is also some interest in using ULI to write data directly into three dimensional optical stor

age [152], even extending this to secure data transmission by embedding information in a

human fingernail [153].

4.2 Development of a ULI Fabricated Photonic Lantern

In any design project, it is key to bear in mind throughout what the end goals are. This

becomes more true the more complex the challenge, since it is always possible that a

solution which is not obvious will present itself during an unexpected part of the process.

Any plan must be flexible enough to allow for adaptation to the prevailing conditions, and

so it bears taking a further look at the desired outcome of the process detailed below.

A photonic lantern is desired, but one with a property not observed in the lantern used for

the work of the last chapter: the new photonic lantern must be polarisationmaintaining.

Of course, not to be lost in this change is the requirement that the lantern be wellbehaved,

which is to say the transition from singlecore array to multimode waveguide should be

adiabatic, and that it have enough cores to be used for imaging purposes. This last require

ment is potentially tricky to quantify: as has already been observed, more cores means a

clearer image, but more cores also means greater manufacturing complexity. In the pursuit

of a balanced approach, two lanterns were to be inscribed into the same substrate chip: one
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with twenty five cores, for testing purposes, and another with one hundred cores, which

was deemed to be sufficient for proofofconcept imaging studies if not necessarily for

highquality imaging.

4.2.1 Design Considerations

Within the confines of the abovestated aim, there are still many decisions to be made:

how to terminate the photonic lantern, how long the transition itself should be, how close

the waveguides should be to one another at the single mode end, how close they should be

brought to form the multimode end, what layout of single mode waveguides is best, what

shape the multimode end should have, and many others. While several of these decisions

are best made by investigating their effect on the optical properties of the photonic lantern,

some are more mundane or logistical: the length of the transition should certainly allow a

straight section near each facet to allow for the aberrated runin waveguide sections to be

polished back, for instance. Some more of these considerations are outlined below.

4.2.1.1 Fabrication Time

Although the photonic lantern fabricated here is less than 15mm in length in its final form,

it was important to be mindful of the length of time that was required to manufacture

it. This is because the environment in which it was manufactured was not completely

controlled: although the room itself was airconditioned to a brisk 16∘ Celsius, the stages

on which the substrate wasmounted could heat up over a long period of operation, as could

any metal blocks used to extend the range of the stages. In addition, longer fabrication

times open up a greater opportunity for shocks and vibrations to affect the exquisitely fine

motions of the stage during the process. As a result, and in conjunction with a desire to be

able to rapidly prototype and manufacture waveguides and the final piece, it was deemed

desirable to keep fabrication times below four hours where possible, and ideally below

two.

This may seem like a relatively easy goal given that ULI often operates with translation

speeds around 120 mm/s, but it must be remembered that each waveguide was to be

manufactured using themultiscan technique, with around twenty scans per waveguide, and

that a finished photonic lantern must include around one hundred of these. Incorporating

the choices to run the whole of the sample through the laser focus such that the waveguides

run from facet to facet and to inscribe in only one direction for consistency and reliability,
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this means that one 15mm photonic lantern requires somewhere in the hundreds of metres

of translation to fabricate, including flyback scans. Suddenly a two hour goal seems more

of a challenge.

Also feeding into the concerns over time was the need to grind back and polish the end

facets of the fabricated sample. As alluded to in the previous paragraph, the entire sample

was translated through the focal spot. The regions close to the end facets are an interesting

case: aberration due to the passage of only part of the beam through the substrate means

that the waveguides are quite different in the vicinity of the facets, and so the facets were

ground back ~1mm to expose pristine waveguide surfaces. Having ground the samples,

the relevant surfaces must then be returned to optical quality, a process which takes several

hours to perform, moving to everfiner grinding compounds until the surface is restored.

Since this multihour process had to be performed for each end of the substrate for each

sample fabricated, it was generally the case that as much was inscribed into each substrate

as possible, again within the time constraints outlined above.

4.2.1.2 Throughput

It is imperative that the lantern transition be adiabatic. Such a requirement would seem

to suggest that the throughput of the lantern needs to be very high indeed, with absolutely

minimal loss, but this is not as concrete as one might imagine. The insertion loss of the

photonic lantern only becomes a serious concern to its operation in one of two scenarios:

that in which there is insufficient throughput to be able to keep the signaltonoise ratio

(SNR) of the projected pattern high enough to image, and that in which the loss is mode

dependent.

The first scenario is one common to all waveguide manufacture: we must ensure that

enough light is guided by the waveguide that we can usefully do something with it at the

output. We must therefore be sure to reduce loss where we can, but in the case that we

can’t, we can simply increase the input power until the output is high enough. The second

scenario is more problematic from a manufacturing standpoint: we can’t account for it

after the fact, and so we must ensure that the waveguides we write are consistent with one

another, and that there is no significant difference between waveguides which have gone

through different degrees of bending, since it is unfeasible to ensure that all waveguides

bend in the same way.
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4.2.1.3 NicetoHaves

There are other considerations which are not vital to the functioning of the photonic lantern

as an imaging device, but which are nonetheless desirable. For instance, for ease of inte

gration, it would be useful to have the singlemode array exist in a configuration which

is easily addressable, such as a square. This allows the operator to know where to expect

the next waveguide, and makes it clear if one has been skipped. It is also desirable to

have the multimode port be shaped in a such a way that the modes it supports fill a regular

shape. This is because the imaging techniques which are to be explored use the full extent

of the mode pattern for imaging, so that the envelope of the mode patterns becomes the

field of view of the technique. Since displays are typically rectangular in shape, a square

or rectangular multimode port will allow the formation of images which can be efficiently

displayed.

Given the vagaries of such computercontrolled manufacture, and the possibility of unex

pected issues, it would be useful to inscribe more than one lantern with each fabrication

run, so that there is a “backup” of the specific parameters used for lantern fabrication. Fi

nally, it is desirable that as much as possible of the manufacturing process be reusable, so

that future manufacturing efforts can make use of this work, facilitating the fabrication of

higher corecount polarisationmaintaining photonic lanterns in future.

4.2.1.4 Code That Writes Code

The programming language used to interact with the nanometreprecision stages is not

very sophisticated. The code required to produce all of the above pieces was nontrivial,

especially anything which contained a sin2 curve in it, since the stage language has no

concept of such a function. In order to facilitate rapid prototypiing and the use of lines and

patterns unfettered by the confines of the language, an approach was developed whereby

the shapes and patterns themselves were parameterised and laid out in a modern scripting

language, python (note that our “modern scripting language” here is itself only five years

the junior of the author). The python script then generated as output a text file which could

be read by the stage software. More details of the method, including commented code, are

available as appendix B.

Whilst a challenging task due to the very different paradigms and syntaxes of the two

languages, the integration of a highlevel general purpose programming language into the
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pipeline came with many advantages. These included a wider choice of geometries and

easier parameterisation of the code, as well as allowing for tilt correction based on the

mounting situation of an individual sample, archiving of all manufacturing programs, and

extensive opportunities for code reuse. This approach was really instrumental in allowing

the creation of a structure as complex as the fullsized photonic lantern, and indeed could

easily have been extended to a significantly larger lantern had manufacturing time and the

depth limit of our apparatus not been obstacles of their own.

4.2.2 Straight Waveguide Development

To be able to confidently inscribe an optical device, one must begin at the beginning, with

individual waveguides. Even in this simplest of tasks, there are a number of decisions to

be made and parameters to optimise. As outlined above, the decision had already been

made to use the multiscan technique, and by starting with settings that were known to

produce usable results, a set of waveguides with different numbers of scans and different

scan separations were manufactured. Light was coupled into these waveguides from a

fibrecoupled 785nm laser source, and the output was imaged by a microscope onto a

CMOS camera and examined for each waveguide. This testing apparatus is shown in

fig. 4.3. For the multiscan parameters, the most important aspects to be optimised were

the symmetry of the mode pattern, which was limited with few or closelyspaced scans,

became better, then progressed to a much more complicated picture when the waveguide

had grown large enough in crosssection to guide more than just the fundamental mode. A

visual inspection of the waveguides produced resulted in the decision to use 18 scans with

a 200nm offset from one another to produce a smooth, square waveguide core supporting

a radiallysymmetric mode.

With this decisionmade, passable waveguides could be produced en masse, allowing some

logistical points to be taken care of. In the absence of advancedwavefront correction [154],

the depthdependence of the spherical aberration caused by the airglass interface renders

ULI unfeasible beyond a certain depth. In addition, the refraction at the interface means

that translation of the substrate by a known distance in the direction of the inscription

beam will not lead to the same translation of the focus within the substrate.

In order to investigate both of these issues simultaneously, a study was carried out in

which two sets of waveguides were inscribed: one set at a constant depth, and another

with steadily increasing depth. An image of these waveguides, along with the throughput
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Figure 4.3: Apparatus used to investigate inscribed waveguides. Above, the output of
a fibre coupled laser is directly focused onto a photodiode to record a reference value
without the chip. Below, the same fibrecoupled laser is buttcoupled to the waveguide
chip, and the output of the waveguide is imaged onto a camera to assess the mode pattern,
with a photodetector inserted to measure throughput relative to the bare fibre.

of the deepening set, can be seen in fig. 4.4. By determining the difference between the

expected and measured slope of the line formed by the second set, it was possible to

measure the refractive index of the substrate material, and develop an offset factor to

allow true depth offsets to be manufactured. The measured refractive index was 1.543, in

keeping with the manufacturer’s data for this material. Investigation of the insertion loss

of these everdeeper waveguides also allowed a determination of the effective depth limit

of the technique, which can be seen to be around 300𝜇𝑚 in fig. 4.4.

The insertion loss was measured using a similar arrangement to that used to look at the

multiscan waveguides, but with the camera replaced by an aperture and power meter, as

seen in fig. 4.3. The data obtained was graphed with error bars showing the mean absolute

deviation around mean, to indicate the confidence of the measurements in a sometimes

challenging measuring environment. It should also be noted that the insertion loss of

every trial was more than 4𝑑𝐵, and often more than 6𝑑𝐵. This value is high, and can be

attributed to a mix of surface pitting and the vagaries of freespace coupling. Regardless

of the reason for the high insertion loss, if the photonic lantern transition remains adiabatic

and the waveguides polarisation maintaining, the main priorities of the manufacturing will

have been met.

Following this investigation, a comprehensive scan was made of the most relevant two

dimensional parameter space: waveguides were manufactured with five different transla

tion speeds and thirtyfour different pulse energies, so as to determine the optimal combi

nation of these two factors. These results are shown together in fig. 4.5. As expected, the
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Figure 4.4: The deepening waveguides allow determination of the refractive index, and
measuring their insertion loss allows a depth limit to be established. The high loss of the
waveguide at 220 microns is believed to be anomalous. Scale bar indicates 250 microns.
Error bars indicate mean absolute deviation around mean

smoother modification produced by closerspaced pulses means that insertion loss falls

with reduced translation speed. This would seem to indicate that the preferred translation

speed for fabrication would be 1𝑚𝑚/𝑠, but bearing in mind the time constraints observed
earlier, along with the relatively small increase in loss with an increase in translation speed

to 4𝑚𝑚/𝑠, the latter speed was used for ongoing waveguide fabrication. Increasing the
pulse energy also sharply decreases the insertion loss until around 85𝑛𝐽 . As can be seen
from the 4𝑚𝑚/𝑠 line in fig. 4.5, there is then a slight rise in insertion loss, so a pulse

energy of 84𝑛𝐽 was used.

Figure 4.5: The results of a translation speed/pulse energy parameter scan. Error bars
indicate mean absolute deviation around mean
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4.2.3 Curved Waveguide Development

The waveguides in the finished photonic lantern must come together to allow the adiabatic

transition to take place. This means that the paths of these waveguides cannot be straight

and parallel, which in turn means that the waveguides will incur a bend loss over and

above the losses experienced by straight waveguides. These losses occur because of a

modal mismatch between the straight and bent sections of the waveguide, and because of

coupling to radiative modes in the bent section. To minimise this coupling, a sin2 curve

was used to transition from one straight to another, parallel straight.

While it is possible to establish the radius of curvature from the equation of the curve, the

size of the offset, and the length of the transition itself, this was not deemed to add anything

of value to the manufacturing process since the photonic lantern itself would incorporate

only bends with this configuration, the offset and length of transition being the only vari

ables. Thus, the testing of curved waveguides was limited to the same parameterised curve

with the same 40𝜇𝑚 offset, with only the length of transition changing between consecu

tive waveguides. Using the same offset for each transition also aided with locating each

waveguide, since the distance between waveguides remained constant at each end of the

substrate chip. The characterisation of these waveguides is illustrated in fig. 4.6.

Figure 4.6: The results of a waveguide bend parameter scan. It can be seen that when the
transition takes place over more than 1.5mm, there is signifcantly smaller change to the
insertion loss with lengthening transition. The high insertion loss at 6.5mm is assumed to
be anomalous. Error bars indicate mean absolute deviation around mean
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Having established that the additional loss due to bending with a transition over 1.5mm in

length is significantly reduced, a transition length of 5mm was used in all future designs

to ensure that bend losses contribute only minimally to the performance of the finished

photonic lantern.

4.2.4 Optimising the WaveguidetoWaveguide Separation

In order to create a working photonic lantern transition, we must account for two separate

conditions, one for each end of the lantern. At the single mode array, cores must be well

separated to avoid any coretocore coupling, whereas at the multimode end, the cores

must be brought close enough together that they act as a single multimode waveguide.

Both of these conditions can be examined at the same time with an array of yjunctions.

These are fabricated by starting with two waveguides separated by a large number of wave

lengths of the relevant light: in this case, the waveguide pair starts with 30𝜇𝑚 of sepa

ration. The waveguides are then brought closer together using paramterised curves, with

each pair eventually separated by a different distance at the output end.

To characterise, light is coupled into one of the waveguides, and the loss due to coupling

to the other waveguide is found. Due to the possibility of anisotropic coupling, the same

process was repeated with yjunctions arranged in the perpendicular direction so that vari

ations could be observed. The results are related in fig. 4.7.

It should be noted that coupling strength between waveguides dies out strongly with in

creasing distance. For our purposes in this work, we can assume that our initial separation

of 30𝜇𝑚 is free of coupling interactions. I chose to bring the waveguides into contact with

one another, to combine the fields effectively and create a square output facet, bearing in

mind that this facet determines the fieldofview of the imaging modality. The geome

try of the photonic lantern is thus set: a fivebyfive or tenbyten array of single mode

waveguides separated by 30𝜇𝑚 each (keeping the overall writing depth within the maxi

mum determined earlier), with the waveguides being joined at the output so that there is a

continuous square region of modified substrate forming the multimode port of the lantern.

4.2.5 The ULI Fabricated Lantern

In the final design, a 10×10 square array of 3.2𝜇𝑚square multiscan waveguides spaced

at 30𝜇𝑚 was brought together over 5𝑚𝑚 using twodimensional 𝑠𝑖𝑛2 curves to form a
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Figure 4.7: The results of the waveguide separation scan. Error bars indicate mean abso
lute deviation around mean

32𝜇𝑚 square multimode waveguide. The waveguides were each formed from 18 scans

with a 200𝑛𝑚 interscan separation, using a translation speed of 4𝑚𝑚/𝑠 and a pulse energy
of 84𝑛𝐽 to ensure the lowest possible loss.

The end result of this process was a set of six nearidentical integrated photonic lanterns.

Two of these lanterns were ground back approximately 1𝑚𝑚 with sandpaper on each

optical surface, and polished using a sequence of more finely graded waterlubricated

polishing pads. The remaining four lanterns were kept back in an unpolished state in case

of breakages or the discovery of manufacturing issues after the fact. The polished lanterns

were inserted into the same apparatus described earlier in this chapter and ten or so of the

waveguides characterised to ensure consistency from one to the next. While there was

some variation between cores, there was no observed correlation of this variation with

changes in grid position of the cores, implying that the bend loss was minimal and each

produced a familiar speckled mode pattern at the output port when light was coupled into

it, indicating that the transition was operating as expected. Fig. 4.8 provides an overview

of the lantern selected for use.

A final check was completed to ensure that the ULI fabricated photonic lantern did not

suffer from the same issue that plagued the fibre lantern used in the previous chapter: a

linear polariser was inserted between the lantern and a power meter, and no change in the
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Figure 4.8: The selected 10 × 10 photonic lantern: micrographs of the facets to the left,
and mode images of input and output ends to the right. Scale bars in the top two images
indicate 50 microns, in the lower images indicate 10 microns
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intensity of light passing through it was observed over the period of observation, some

ten to fifteen minutes. This was quite unlike the behaviour of the fibre lantern, and it is

this obdurate and unchanging polarisation state which allows the experiments of the next

chapter some possibility of success.

4.3 Discussion and Future Work

The integrated photonic lantern whose production was described in this chapter was en

gineered for a very specific purpose, and as a direct result of this prioritisation has a set

of properties quite different from its fibredrawn cousin used in the experiments of the

previous chapter. Although the loss of the fibredrawn lantern was never measured as part

of those experiments, it is expected that the insertion loss would be well below the ap

proximately 6dB observed in the integrated photonic lantern. As discussed, a significant

degree of that insertion loss is expected to be at the surfaces of the integrated lantern, but

again the priorities of the manufacturing were not to produce a photonic lantern which was

especially lowloss.

Those priorities were rather to create a lantern suitable for imaging, and that was

polarisationmaintaining. The latter part was easily tested, and has not before been

reported in photonic lanterns with more than a few singlemode inputs [155]. The

other aspects of the lantern that were tuned for imaging were the easilyaddressable

singlemode array and the rectilinear shape of the multimode port, facilitating a square

field of view in sampling and reconstructions.

In order to push this work forward in the future, a number of sticking points should be

noted, more than one of them centred around the geometry of the photonic lantern. A

highercorecount lantern is desirable to increase the number of addressable modes and

therefore the resolution of the images obtained, however the current geometry already

involves writingwaveguides at a depth which has been shown to be close to the limit where

beam aberration causes problems. More advanced beamshaping techniques (perhaps the

use of an SLM for holographic adjustment) might be used to overcome this problem, or the

geometry of the lantern could be adjusted to allow more waveguides to be written within

the observed depth limit of the unshaped beam.

Thought should also be given to expected usecases for future ULImanufactured parts: the

lantern produced here was intended primarily for proofofconcept experiments, hence the
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low core count and design which was suited to freespace coupling. For microendoscopic

applications the device itself would have to be packageable, and therefore would be ex

pected to be written in a smaller substrate (perhaps a spliced largeradius multimode fibre)

or the substrate could be reshaped after manufacture. In addition, a microendoscopic tool

would have to be mated to a multicore fibre, and the array of singlemode inputs would

need to be designed to allow good coupling to such a fibre, both in the size and shape of

the waveguides themselves as well as in their relative placement at the input facet.

With the knowledge that a tool can be manufactured which allows the photonic lantern

transition to occur in an optical device which also has stable polarisation characteristics,

the possibility of creating a large number of patterns, or of combining those patterns co

herently to achieve beamshaping, comes into reach. Work towards each of these goals is

explored in the following chapter.
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5 | Coherent Mode Combination in a

ULI Fabricated Photonic Lantern

…not a shapeless cloud of mist, but a blinding, dazzling, silver animal. [156]

After the design and manufacturing approach of the previous chapter, it would perhaps

suit us to have a quick refresher as to the goal of the experiments detailed in this chapter.

The intent is to explore other, potentially higherresolution, imaging modalities that are

enabled by the polarisationmaintaining nature of the newly fabricated photonic lanterns.

These modalities are possible because we can now take reliable advantage of interference

effects at the multimode output of the photonic lantern by controlling only the phase and

amplitude of the inputs, having stabilised the polarisation states by virtue of the fabrication

technique. We are thus freed from the constraint of imaging using each pattern individu

ally, and able to coherently combine those mode patterns to our advantage.

5.1 Principles of Coherent Mode Combination in a ULI

Fabricated Photonic Lantern

Asmentioned in the opening of the previous chapter, with the ability to coherently combine

mode patterns comes the opportunity to generate at the output of the photonic lantern any

light field under the adiabaticity constraint. “Any” is so often the enemy of “a particular”

that this chapter will begin by placing constraints on the nature of the light field in question.

5.1.1 Spot Scanning

At first blush, the small number of inputs available in our 100core lantern might seem like

an obstacle in the task of producing a focused spot of light at the output facet. Indeed, as
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outlined in chapter three, the adiabaticity of the photonic lantern transition guarantees that

only the hundred lowestorder modes of the multimode output can be excited by the hun

dred single mode inputs, seemingly limiting the number of degrees of freedom available

to us for this task. Although this is true, there is a similar constraint on any multimode

fibre in the number of guided modes, and these have been imaged through many times

before [157]. There is no reason to believe that the photonic lantern should be incapable

of the same performance.

Characterisation of the transmission matrix of the photonic lantern will allow holographic

projection through the lantern to create spots at locations across the output facet and in the

region of space beyond it, with the possibility of ondemand, real time wavefront shaping

enabled by modern computer architectures [158]. This approach, treating the lantern as

a scattering medium, is welltested and allows the creation of a spotscanning modality

which is familiar to many in the field of microendoscopy, but it requires knowledge of the

transmission matrix and the generation of complex wavefrontshaping holograms. For

the purposes of proving the concept to be sound, there exists a much less highconcept

method for increasing the resolution of the imaging platform, in the shape of random

pattern combinations.

5.1.2 Random Pattern Generation

It is undoubtedly simpler to excite pairwise combinations of singlemode inputs of the

photonic lantern than it is to shape a beam across all of them simultaneously. The control

over the output is not as fine as it would be with all inputs addressed, but with phase as

well as amplitude control over the pairs the technique opens up an enormous number of

possibilities. Indeed, even without phase or amplitude control there are 4950 pairwise

combinations of one hundred cores. It is worth taking a moment at this stage to examine

what we expect from our combinations: they are, after all, limited by being formed from

the 100 lowest order modes of the output port. Those modes are orthogonal to one another,

and our expectation from the photonic lantern transition is that the combinations of those

modes should themselves be orthogonal, so using approximately two orders of magnitude

more combinations wouldn’t seem to give us an advantage for imaging purposes.

Fortunately the reconstruction of an image, and conspicuously also the compressive imag

ing approaches outlined in chapter three, rely on measurements of the intensity of the light,

not on the amplitude of the field. By combining light fields from different cores, the over
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lapping fields will interfere, and the intensity will be the square of the summed amplitude

in each region. Since the square of a combination is not generally equal to the combina

tion of a square, this means that there is intensity variation in the combined patterns above

and beyond the variations present in the uncombined patterns. Indeed, a more thorough

mathematical treatment of this matter finds that the number of resolvable objects based on

pattern projection actually rises to four times the number of supported modes when modes

can be recombined [44].

The pattern projection modality is not only able to reach diffractionlimited imaging with

fewer measurements than a spotscanning approach due to the advantages of compressive

imaging techniques, but it may actually be capable of higher final resolutions [159].

5.2 Experimental System for QuasiRandom Pattern

Generation

In order to show a proofofconcept of what came to be known as the “higherthanN”

imaging modality, it is necessary to develop a system capable of coupling light simulta

neously into more than one core of the singlemode array. With the idea of 4N resolvable

obects in mind, the twentyfive core lantern was bypassed and work was begun immedi

ately on the hundred core lantern with the hope of performing ghost imaging with around

four hundred patterns and the expected improvement this might give over the 121core

lantern of chapter three. What is needed, then, is a system capable of projecting spots two

at a time in any combination of one hundred locations, with the ability to vary the ampli

tude of each spot independently to allow for good matching between cores and therefore

the fullest exploitation of interference effects. It was also deemed desirable to have con

trol of the relative phase between these spots, to further increase the future possibilities of

the system.

5.2.1 Projecting PhaseControlled Spots Using a Spatial Light Mod

ulator

The typical technique for light field shaping is to use an SLM to diffract patterns of light

with appropriate amplitude and phase distributions into the first diffraction order, and then

to align the rest of the system such that the other orders are blocked and this first order is
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coupled into the optical path. Such a system is effective in giving complete control of the

light field, but comes with inefficiencies due to the blocked light paths, and the necessary

holograms are computationally expensive as well as being conceptually challenging, lead

ing to issues with debugging of computer programs. Given that the aim in this case was

simply to project spots to the appropriate locations, it was determined that the most fruitful

path would be to exploit a betterunderstood diffractive optical element, in the form of a

blazed diffraction grating created on the surface of the SLM. The necessary optical system

to take advantage of such an approach is shown in fig. 5.1.

Figure 5.1: Apparatus for projecting phasecontrolled spots using an SLM. Light passes
through a linear polariser before reflecting from the surface of the SLM, and is then cou
pled to the singlemode end of the photonic lantern. The multimode end is imaged through
another linear polariser onto a camera to record the mixed patterns. A whitelight source
was coupled into the multimode end to illuminate the singlemode waveguides, aiding
with alignment of the input beams.

As long as only pairwise combinations are required, the SLM surface can be easily split

into two areas, each displaying a different diffraction grating and thus projecting its own

spot. The parameters of the diffraction grating can be tuned to allow control over the

location, amplitude and phase of any spot so projected, and crucially the whole of the

illuminating beam is concentrated into these spots, increasing the efficiency to near the

limit of the SLM itself. The SLM used in this work was a Hamamatsu liquidcrystalon

silicon X10468 phaseonly spatial light modulator.
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5.2.2 Parameters of a Blazed Diffraction Grating

A simple diffraction grating with straightruled parallel lines will produce a series of spots

on an axis that is perpendicular to the ruled lines. In order to concentrate the energy of the

illumination beam into one of these spots and not the others, the grating must be blazed:

that is, the region in between the ruled lines must be tilted in one direction or the other.

The angle of this tilt determines which of the spots the light is blazed into. In a sense, the

light diffracted by the grating is matched in angle by the light reflecting from the tilted

surface: since the angle of diffraction depends on wavelength, this can only be true at the

appropriate wavelength. Since the SLM that was used for this experiment was capable

only of phase modification, the grating was built up not from a physical change in height

of the reflective surface, but from a change in the phase retardation induced by the liquid

crystals above it.

Importantly, with a blazed diffraction grating there are four degrees of freedom, or choices

that we make when we construct it, which correspond to the four parameters of the spot

that we wish to control. These are displayed in fig. 5.2. The angle and spacing of the

diffraction grating determine the position of the projected spot in a circular polar coor

dinate system around the undiffracted spot. The blaze angle of the diffraction grating

determined how much power was concentrated into the spot, and thus translated into an

amplitude control. Finally, the grating could be offset along a direction perpendicular to

the ruled lines, allowing control over the relative phase of the light in the spot [160]. As

suggested in the previous subsection, the surface of the SLM could also be split in two

and any two diffraction gratings displayed simultaneously, allowing light to be focused

into two spots at once.

5.2.3 Software Control

Since there are nearly five thousand combinations of the hundred cores, some level of

automation was required to acquire images and data for all of the possible patterns. While

it would have been convenient to programmatically find the grating parameters which

maximised the coupling into each core, such a task is complex from first principles, and

given the oneoff nature of the experiment it made more sense for the coupling to be done

by hand. Accordingly, a python script was written which could take the parameters from a

set of software controls and output the necessary diffraction grating to the SLM, and those
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Figure 5.2: How the parameters of a blazed diffraction grating correspond to the spot
reflected from it. Top left, the angle of the grating determines the angle of the spot offset
from the central maximum. Top right, the spacing of the rules on the grating are inversely
proportional to the distance the spot is offset by. Bottom left (and from the side of the
grating rather than in front), the pitch of the blaze controls the intensity of light redirected
into each maximum. Bottom right, an offset in the rules of the grating leads to a change
in the relative phase of the spot (impossible to display).
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parameters were handtuned to find the waveguides and maximise coupling into them. As

an aside, a consistent naming scheme was required to keep track of each core, leading

to the assignment to each of one of the hundred most popular girl’s names in 2018. The

relevant parameters were then recorded for each core, allowing the system to automatically

couple into each in subsequent experiments.

A further python script was then written to acquire images of every combination of pat

terns: this was complicated by the variation in throughput of each core. Since some cores

were bright and others much dimmer, the limited dynamic range of the camera necessitated

an automated exposure control, which could tune the output power of the laser up or down

to ensure that the pattern was recorded above the noise floor but without saturating any of

the pixels on the sensor. The image acquisition script therefore pulled the relevant grating

parameters from a file, placed one of the pair of diffraction gratings on each vertical half

of the SLM to couple light into the chosen cores, stepped the laser power up or down to

ensure correct exposure, and then recorded the pattern to memory before selecting another

pair of cores to sample. Even with only eighty one cores with sufficient throughput for

a pattern to be resolved, the 3325 resultant patterns required approximately four hours to

capture.

Both the spotprojection and dataacquisition scripts are provided, along with more imple

mentation details, as appendix C.

When the acquired patterns were visually inspected, a problem was discovered with the

diffraction grating method which proved insurmountable. In order to get the most out of

the combined patterns, it was important that the intensity of each pattern be similar: it was

observed in the acquired patterns that the throughput of some cores was so much greater

than that of others that the lowloss cores “washed out” the higherloss cores. The clearest

solution to this problem would be to use the amplitude control afforded by the blaze angle

to match the outputs of the cores to one another: by normalising the intensity of each core

pattern, we would expect to see the most significant differences between the combinations.

Unfortunately, when the blaze angle of a diffraction grating is changed, the light simply

moves from one diffraction order to another, rather than being extinguished. In this case,

changing the blaze angle created more spots which were predictably but not conveniently

placed relative to the core being addressed.
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The stray spots of light thus created by “turning down” the intensity of the desired spot

couldn’t be guaranteed not to couple with other cores, polluting the output of the lantern

with undesired patterns of light and causing unintended interference effects. The only

solution to this problem was to go back to the design stage and use the more complex

to implement but more robust method of diffracting light into the first order with an im

printed phase and amplitude mask, and spatially filtering all other orders. As described

in the following section, this approach was ultimately undertaken by a collaborator at the

University of Exeter.

5.2.4 Phasing Patterns

While control over the relative amplitude of the projected spots proved to be the undoing of

the diffraction grating technique, it did prove possible to control the relative phase of two

projected spots with an offset of one of the diffraction gratings. To establish the utility

of phase control in altering the projected patterns, two cores were chosen with similar

throughput and light was coupled into both. The relative phase of the excitation light was

then varied through 2𝜋 in discrete steps, and the patterns shown in fig. 5.3 were observed.

A clear cycle of variation can be seen in these patterns, establishing for the first time

experimentally that such control is possible.

Figure 5.3: Coherent combinations of mode patterns. Each image was obtained with a
phase offset of 2𝜋/5 relative to the image on its left. The graph above shows the overlap
integral of a pattern with respect to its phaseoffset counterparts. Aggregate data for all
of the patterns is shown, with error bars indicating the mean absolute deviation from the
mean. Scale bar indicates 10 microns
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5.3 SpotScanning with a DMD

The experimental work detailed in this section was carried out at the University of Ex

eter by Shuhui Li and David B. Phillips using a ULI fabricated polarisationmaintaining

photonic lantern whose manufacture was described in the previous chapter.

5.3.1 Fundamental Approach

In order to synthesise a scanning spot at the output of the photonic lantern, the transmission

matrix was measured. By using holography to characterise the transmission matrix, the

necessary calculations could be applied to invert the matrix and hence retrieve the input

fields required to produce arbitrary output fields within the bandwidth of the lantern itself.

In this case, as a proofofconcept, the light intensity was concentrated into a focal spot at

the output port, and the input fields necessary to rasterscan this spot were generated and

applied to the photonic lantern [161].

5.3.2 Experimental System

The lantern was placed in a MachZender interferometer composed of a reference arm

which propagates around the lantern and an object arm including a digital micromirror

device (DMDVialux V7001 XGA) and the lantern itself. The two arms were recombined

and focused onto a camera. The DMD was set up in an offaxis configuration, such that

only light in the first diffraction order was incident on the photonic lantern. Binary patterns

were then displayed on the DMD such that a complex field was projected into this first

order, allowing arbitrary amplitude and phase patterns to form the input to the lantern.

The beamshaping abilities of the DMD were first used to scan a focused spot of light

across the input of the photonic lantern. The complex output field corresponding to each

input position was recorded using phaseshifting holography [162]. This correspondence

between input modes and output modes was used to reconstruct the transmission matrix

of the photonic lantern, which was inverted to retrieve the input field required to create a

focused spot at the output facet of the lantern [163]. This input field, unlike the originally

scanned spots, shows spots of light with varying phase and amplitude but only at each of

the input cores. This is to be expected since light coupled to the cladding of the lantern is

excluded from the output port.
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The DMD was then used to generate the necessary input fields for focusing of light into

a spot at the output of the photonic lantern. Such a scanning spot could be used as an

illumination source for endomicroscopy, though this aspect of the application was not

explored here due to limitations in the experimental system. Such limitations included a

lack of control over input polarisation and the use of suboptimal 633nm light in a lantern

optimised for a wavelength of 785nm, leading to fewmoded waveguides at the input.

5.3.3 Experimental Results

Fig. 5.4 illustrates the process whereby the transmission matrix of the photonic lantern

was measured: three configurations are shown with light coupled into different single

mode cores, with the corresponding complex output at the multimode end as measured

holographically. Note that the alignment at the input end appears imperfect due to the

waveguides being slightly multimoded at this wavelength, meaning a larger area will cou

ple to some extent.

Figure 5.4: Measuring the transmission matrix of a photonic lantern. Above, a focused
spot is scanned across the input facet of the lantern. Below, the output facet is measured
using interferometry to determine phase. Figure adapted from [161]

The input and output intensities calculated for a scanning spot are shown in fig. 5.5. Again,

a slightly extended area around each input core is illuminated. The areas into which the

light has been targeted are shown by the red circles. The number of target points was

greater than the number of input cores, a decision justified earlier in this chapter.
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Figure 5.5: Coherent control of light through a photonic lantern. Above, focused spots
of light of varying phase and intensity are coupled into the photonic lantern. Below, a
focused spot of light is created at the output facet and scanned across the waveguide core.
Figure adapted from [161]

5.4 Discussion and Future Work

The random pattern generation experiments, while appearing to progress well, were even

tually hamstrung by an unanticipated limitation of the experimental approach. The basic

concept of coherent combinations of lantern modes is sound, as seen in the phase control

experiment and further proved by the spotscanning experiments conducted afterwards in

collaboration with researchers in Exeter.

The work performed in Exeter was more successful in showing the possibilities of the

proposed technique: a scanning spot was duly formed at the output port of the photonic

lantern. The confinement of light into the targeted region was imperfect, but it should

be noted that the input stage of the apparatus was not polarisationcontrolled, leading to

an uncharacterised parameter of the optical device. The addition of polarisation control

might be expected to increase the contrast of the foci by a factor of two [164]. The contrast

ratio was not measured in these experiments, but is certainly lower than that obtained with

multimode fibres, even nine years ago [165]. Where this technique has advantage is rather

in the ease of measuring and computing the transmission matrix: the photonic lantern

effectively partially diagonalises the TM, allowing a smaller number of measurements

and significantly less computation for the same outcome.
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Any future work in this field should certainly be focused on holographic control of the

input light: this is possible with either a liquid crystal display SLM or with a DMD as

used in Exeter. Although holographic control is more complex than the diffraction grating

approach, it was shown in this chapter that it is necessary for anything beyond the most

simple combinations due to the more precise amplitude control it facilitates. To optimise

the information density of the projected mode patterns, amplitudematching the signals

is imperative. In addition, coupling of a multicore fibre to the photonic lantern will be

necessary to prove that the technique is as robust to bending as predicted.

As proofofconcept, it has been shown that coherent combinations of modes can be

achieved in a photonic lantern. As noted at the close of chapter three, such coherent com

bination of modes has the potential to lead to superresolution imaging in a bendresistant

fashion through a fibre whose diameter is limited only by the need to keep singlemode

cores uncoupled along their length. Coherent combinations allow more modalities than

this, however: arbitrary patterns can be projected, including the scanning spot produced in

Exeter and the additional combinations of spatial modes required to reach subdiffraction

resolution, but also the more tailored patterns required for a technique like foveal imaging

[166], and surely even more.

The remaining stumbling block to such a system, deemed outwith the scope of this thesis,

is to control the relative phase of the light in each singlemode waveguide: as established

earlier, the amplitude in the core and therefore of its generated output pattern does not

change with bending, but the overall phase does. As demonstrated in this chapter, an

overall phase change in one of the contributing patterns creates a significant difference in

the coherent superposition, so this is a significant obstacle to imaging.
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6 | Conclusion of Research Activities

and Future Work

It eluded us then, but that’s no matter – tomorrow we will run faster, stretch

out our arms farther… [167]

The previous three chapters have detailed the research performed in the course of my

doctoral studies, covering twomain themes: the pursuit of novel imagingmodalities which

allow high resolution imaging to be performed through a freelybending optical fibre [113],

and the de novo manufacture of a wellspecified optical device to enable further studies.

6.1 Reducing the Influence of Bending

The main work of the research reported in this thesis was the exploration and proofsof

concept for advanced imaging modalities enabled by photonic lantern technology. These

modalities are of particular interest due to the crippling effect of mode scrambling in an

optical fibre when it is subject to bending and twisting [114]: it has proven difficult thus

far to reduce or compensate for this scrambling of the spatial information carried by the

light incident on the distal facet of a fibre, and the work presented here shows that by using

a photonic lantern this task is made decidedly easier.

The characteristic of a photonic lantern which makes it relevant to this problem is the

ease with which the multimodetosinglemode transition can be coupled to a multicore

fibre, in which the relative intensities in each core are wellpreserved over significant

lengths. The work herein takes advantage of this intensity preservation in two distinct

ways: more simply, an intensityonly modality is presented in chapter three, and with

more challenge but a greater potential for future advanced modalities, the photonic lantern
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is used to simplify the process of beamshaping through the fibre in the work of chapter

five.

6.1.1 Uncoupled Spatial Modes

The compressive ghost imaging related in chapter three of this thesis relies on the photonic

lantern to allow the projection of light with spatiallyencoded intensity from the distal

end of a fibre. Because the spatial modes in the multicore fibre consist of the relative

intensities and phases in each of the singlemode cores, they are not subject to mode

mixing by bending or twisting of the fibre [38]. The photonic lantern at the distal end

allows the mode excited in an individual singlemode core to transition adiabatically into

a superposition of the lowestorder modes of the multimode port of the lantern [155], and

these superpositions are used as the sampling basis for a compressive imaging modality.

Chapter three shows proofofconcept work in which a real photonic lantern was used to

image simple binary masks at a resolution which was commensurate with that achieved

in simulations of the technique. Those simulations were followed up by simulations of a

much highercorecount lantern, which was found to be capable of potentially diffraction

limited resolution when excited by individual singlemode cores. In addition to this, the

lightgathering capacity of a photonic lantern is expected to be that of the multimode port

itself, which is to say that there is 100% fillfactor at the distal end, a significant improve

ment over SFCFBs beyond the resolution gain [168].

6.1.2 Phase Control for Coherent Combinations

In order to progress beyond the diffractionlimited ghost imaging described in chapter

three, it is necessary to exert a greater degree of control over the output patterns of the

photonic lantern. Since the output patterns are 𝑁 in number and consist of orthogonal

superpositions of the 𝑁 lowestorder modes of the photonic lantern, together they form

an orthogonal basis set that should, by coherent combination, allow the projection of any

arbitrary pattern of light at the output port of the lantern [116], within the constraint of the

port’s NA.

The challenge of coherent combination is that while the intensity patterns are certainly

stable to fibre bending, such conformational changes introduce phase differences between

different singlemode cores. Phase control is thus required if the output patterns them
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selves are to be usefully superposed, a hurdle which was vaulted in early experiments

detailed in chapter five, but which did not simultaneously exhibit the intensity control

which is necessary for the generation of truly arbitrary light patterns.

The baton was taken up by collaborators in Exeter, who used one of the lanterns whose

development was the subject of chapter four to show not only the acquisition and recon

struction of the transmission matrix of the integrated photonic lantern, but the inversion

of this matrix to allow projection of a focused spot at various points on the output port of

the photonic lantern, thus demonstrating the validity of this approach regarding arbitrary

pattern formation [161].

6.2 Manufacturing of an Optical Device

The optical device required for the broader goals of this research was a photonic lantern

wherein the waveguides had polarisationmaintaining properties. Only through such a

device could the more advanced forms of imaging related above be performed, and no

such device was available at the time of this work. Ultrafast laser inscription was used

to create the device as a uniquely suitable technique, capable of rapid prototyping as well

as exquisite tuning of the fabricated structures [145], and resulting in integrated devices

written directly into robust and compact substrate chips suitable for use in optical settings

and tough enough to be sent through the post with only minimal protective packaging.

6.2.1 Design

Despite an early understanding of the specification being aimed for and the technique to

be used to create the device, the design process nonetheless included many decisions and

optimisations. The ultrafast laser inscription technique must be understood almost from

first principles in order to understand how changes to the parameters of an inscription

will affect the properties of the finished waveguide structure: the sometimes complex

interplay of pulse energy, repetition rate and translation speed must be wrangled to keep

the refractive index change stable and within desired bounds [134], and the throughput

and fineness of shape must be balanced against fabrication time. All of this was explored

iteratively in the pursuit of a set of “knowngood” parameters.

The iterative search of various parameter spaces was facilitated by the use of a set of

frontfacing scripts that could be worked with using an abstract and higherlevel language
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description, with these scripts then interfacing with the more basic language used to actu

ally control the inscription hardware directly. This twotier system allowed significantly

more rapid and repeatable results [169], and enabled access to more elaborate options,

including the use of sin2 curves both in testing and in the finished photonic lantern.

6.2.2 Characterisation

Characterisation of waveguides was a key aspect of the feedback loop used in the design

phase. Measurements were taken by buttcoupling a fibre to the input of the waveguide

under study, using indexmatching gel to minimise Fresnel reflection and subsequent loss.

The output of the waveguide was imaged onto a camera for visual confirmation of cou

pling, followed by a power meter to determine the insertion loss of each waveguide mea

sured in comparison to the bare fibre facet.

The finished photonic lantern was characterised in a similar manner, but with a greater

focus on the quality and variation of the produced mode patterns than on the throughput,

since the waveguides from which it was manufactured were known to be lowloss.

6.2.3 Fabrication

Fabrication of all test waveguides and the final designed photonic lantern was carried out

using a Menlo BlueCut laser system and computercontrolled nanometre precision air

bearing stages. After grinding, polishing and characterisation were performed on each

sample, they were stored securely for potential future consultation. Six photonic lanterns

were manufactured using identical parameters, one of which was used directly onsite,

and one of which was dispatched to the University of Exeter for use by collaborating

researchers. All of the work presented in chapter five was undertaken using these lanterns.

6.3 Future Work

As predominantly proofsofconcept, the work described in this thesis is expected to ex

tend in scope and accuracy in future, not only being refined and tuned to work directly in a

clinical or biomedical setting, but also forming the first step towards a variety of imaging

modalities which utilise the unique properties of the photonic lantern.
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6.3.1 Adaptive Optics Approach to Phase Control

The coherent mode combination explored and outlined in chapter five has a great deal of

potential as an enabling technology for a variety of imaging approaches, including spot

scanning in 2D at the facet as well as in 3D in the farfield [57]. There is also the intriguing

possibility of tuning the output patterns for a modality more similar to that outlined in

chapter three, using structured illumination to interrogate a sample in the pursuit of higher

resolution or more dynamic control of imaging parameters.

Coherent mode combination requires control of the input phase, which requires knowl

edge of the difference in phase retardation between the cores of the multicore fibre. One

possible method for the necessary proximalendonly phase information retrieval would

coat the output of the photonic lantern so as to partially reflect some of the illumination

light back through the fibre. This light would have to be distinguishable from the imag

ing signal, for which wavelength division multiplexing seems suitable: either using the

pump light in a fluorescent endoscope, or using a specific metrology wavelength channel

coexciting one or more of the input waveguides. By recording the distribution of ampli

tudes of the reflected light, it should be possible to compute the relative phase differences

between fibre cores.

It is not beyond the bounds of credibility to envision this process occurring in real time,

with adjustments to the input field being made to account for the measured phases, leading

to a pseudoadaptive optics approach where the contribution of the photonic lantern and

fibre are removed, and the input field tailored to produce arbitrary outputs at the distal end

of the fibre.

6.3.2 Superresolution Imaging

As described in chapter three, the projection of significantly more combinations of modes

than there are modes guided by the lantern has the potential to increase the number of

objects resolved in a ghost imaging modality by a factor of four, which in turn suggests an

increase in resolution by a factor of two [44]. Given that imaging resolution using only the

“natural” mode combinations of the lantern has the potential to be diffractionlimited in

a properlytailored lantern, this indicates that a sufficient quantity of mode combinations

should be capable of superresolution imaging, which combined with the technology in the
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previous subsection might be performed in real time through an arbitrarily bending and

twisting fibre, with no additional insitu calibration step required.

This is in addition to other modalities which can prioritise reconstruction of specific re

gions of interest or moving segments of the field of view [166], or which are capable of

optical sectioning of a sample by 3D spot projection [117].

The photonic lantern is a key which unlocks a casket of possibilities in the field of fibre

imaging.
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7 | Public Engagement

Before that exact moment I don’t believe I had given much thought to the

future. [170]

Scientific research, and especially publiclyfunded research, does not occur in a vacuum.

As such, it is an important aspect of the work that we do to communicate it, both in sub

stance and in the context of the work’s importance and potential uses, so as to engage

the public effectively [171]. Public engagement with research is a goal of funding bod

ies, though not always considered a priority by researchers themselves [172]. Younger

researchers have shown a greater desire to foster an open dialogue with the public [173],

and indeed such dialogues have ongoing effects on the researchers’ values and priorities

as well as the way that they structure their research design and practice [174].

The research related in this thesis was done under the auspices of an Interdisciplinary Re

search Collaboration known as Proteus, focused on the development and translation of

a novel medical device to enable rapid diagnosis of lung disease in critically ill patients.

As a flagship project of the EPSRC, public engagement with research was foundation

ally incorporated into the business of the Proteus group, and this allowed me to express

my passion for engagement in a variety of venues and activities, including the develop

ment of a permanent exhibit at the Glasgow Science Centre and a threeday showcase of

the technologies and work of the group at the London Science Museum. These venues

are important for fostering curiosity among the public in the research that is going on in

universities, and allowing the public the opportunity to interact directly with researchers

[175]. I also spent a good deal of time at various festivals of science, and at oneoff events

where the Proteus experience was only one of many on offer.

In addition to these ongoing and discrete activities, I was also part of two largerscale and

longerlasting projects in the field of public engagement. In this chapter I will provide an

introduction to each of these projects, their scale and scope, and the outcomes of each.
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7.1 Circuits!: A Classroom Collaboration

Ciruits! was an initiative funded by the Royal Academy of Engineers to produce new

teaching tools to link the physics curriculum in scottish schools with stateoftheart re

search in medical diagnostics. This oneyear project was a collaboration between re

searchers from the University of Glasgow’s James Watt School of Engineering and from

the Proteus group along with physics teachers. By placing this teaching in a context more

relevant to their everyday lives, the project aims to improve and equalise outcomes for

male and female students [176]. Such approaches have also been shown to be particularly

effective among students most at risk of losing interest in STEM [177], a group who are

particularly important given the £1.5 billion cost to the UK STEM sector due to the skills

shortage [178].

7.1.1 Development

Arguably the key aspect of this project was the use of coproduction to create the necessary

classroom resource. Such an approach is being pursued across the public sector [179] as a

way to increase the effectiveness of interventions and increase citizen involvement [180].

In the case of the Ciruits! project, the coproduction was between the researchers and

working teachers, with the primary goal of producing an effective classroom tool that

could be used to teach curriculumrelevant material.

Traditional public outreach efforts by universities have tended to focus directly on the per

ceived knowledge deficit, seeing themselves as adding directly to the skills and knowledge

of school students or members of the public. This approach overlooks the value in devel

oping the skills and knowledge of teachers [181], a richer andmore meaningful goal which

can foster important and wideranging changes in teacher selfperception with the atten

dant improvements in ongoing education in schools [182]. Even such a teacherfocused

approach runs the risk of overlooking the valuable contributions from both teachers and

students to the design and implementation of interventions [183], and the value of a co

production paradigm in fostering engagement with students [184].

With these aspects of the process in mind, two physics teachers were recruited into the

project at the outset, one from Liberton High School in Edinburgh and the other from

St. Margaret Mary’s School in Glasgow. The teachers were involved throughout the pro
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cess, but especially at the planning stage, where key curriculum areas were identified that

might be amenable to exploration through the medium of the research being done at Pro

teus in Edinburgh and at the School of Engineering in Glasgow. The two research projects

naturally lent themselves to different but related secondary school topics in the form of

light and sound, respectively. Practical activities were based around what were effectively

scale models of the relevant novel tools, and written and audiovisual materials were de

veloped to complement both activities.

Along with the two teachers, the project team included two coprincipal investigators, five

doctoral students from the Proteus group and two doctoral students and a postdoctoral

researcher from the University of Glasgow, two members of the engagement team at the

University of Edinburgh’s College of Science and Engineering and the director of advisory

service at the Scottish Schools Education Research Centre (SSERC). As one of the Proteus

researchers, I was involved in the project from the outset and through to completion, taking

an important role as the only member of the group who was both a researcher and a trained

and experienced teacher. This allowed me to facilitate communication throughout and to

offer advice and expertise at many different points in the process.

7.1.2 Research Underpinnings

The research of the Proteus group, especially at the time of the Circuits! project, has been

centred around the Versicolour instrument. This tool was developed inhouse, and is a SF

CFB based endomicroscopy platform using widefield fluorescent imaging through a novel

imaging fibre. The fluorescent dyes used were also produced by the group, and are envi

ronmentally sensitive and specific to different indicators of disease, e.g. Grampositive

bacteria, fibrotic tissue, mycobacteria [185]. The instrument uses three wavelengths of

light, produced by offtheshelf and lowcost LEDs and controlled by a dichroic mirror

setup as illustrated in fig. 7.1. The project brings together researchers from many disci

plines to ensure that each aspect of the device is well suited to its role, including not only

those responsible for the fluorescent dyes and the imaging fibre, but also engineers, biolo

gists, clinicians and signal processors who help to direct the development towards clinical

need and to realise a useful and usable medical device.

The curriculum link established with the Proteus research was found in the light and colour

section of the relevant syllabus. At the targeted level the concept of fluorescence is not ad
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dressed, but optical fibres and colour mixing in particular were highlighted as possibilities

for building understanding through analogy.

The research being carried out in Glasgow covered a broader range of topics which were

more loosely connected to one another. It was decided at an early stage in the development

process to focus on the use of acoustic technologies, particularly surface acoustic wave

generation and its combination with microfluidics. These technologies can be used to

separate microscopic organisms or cells on the basis of their mechanical properties or to

otherwise manipulate physical processes [186], and in particular can do so at a lower cost

and complexity than other available tools.

Again, a curriculum link was found in the sound section of the secondary syllabus, where

the links between frequency, wavelength and speed were deemed relevant to the cutting

edge research and explorable in the context of investigating pointofcare diagnostic de

vices for trypanosomes, among other disease markers. It is perhaps worthy of note that

the crucially important field of medical diagnostics was successfully linked to two of the

more abstract and least accessible parts of the preNational 5 science curriculum. Such

links, as established earlier, help to engage those students most at risk of leaving the field.

7.1.3 The Tools

Both educational tools were developed over a period of several months, with initial con

cepts and design coming from the researchers, and additional input from the teachers to

ensure that the tools would be robust enough and otherwise suitable for classroom use.

One result of the collaboration meetings was the adjustment of each design to ensure that

they could be used as part of a structured twoweeklong lesson group as well as in shorter

engagement activities within and outside of the school setting.

7.1.3.1 Light

The light tool comprised a set of mostly 3Dprinted parts that could be added to circuit

boards already in use in Scottish schools to emulate the Versicolour tool developed by Pro

teus. In order to scale this platform down to something that could be assembled and used

by students in a classroom, the basic modality was changed from fluorescence to reflec

tion, and the lungs were replaced by dark plastic tubes with brightly coloured swatches at
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the deepest point. The light tool, and its more complex cousin the Versicolour instrument,

are schematically illustrated in fig. 7.1.

Figure 7.1: A comparison of the simulated and original endomicroscopes. The simplified
tool on the left can be better understood by schoolage students, but is not capable of
imaging as the clinical tool on the right is.

The classroom tool was then made up of three main parts: 3mm polymer fibres were used

to deliver light from LEDs on the board to the sample and to return the reflected light to

a photodiode on a separate board, a 3D printed “sensing head” was manufactured to bind

the two fibres together in an offaxis configuration that minimised the sensing of scattered

light, and miscellaneous 3D printed parts were used to secure the fibres to the boards

and the boards to one another in a stable configuration. As described earlier, the samples

provided to the students consisted of coloured swatches printed on paper and secured at

the bottom of nonreflective tubes. These samples were to be compared to a calibration

chart with swatches of different colours laid out on it and labelled to match an unplotted

graph.

The first element of the lesson with the light tool was the assembly of the provided parts,

and students were guided in this task by the knowledge of the Versicolour tool they had

gleaned from the accompanying teaching materials. This step was followed by the cal

ibration process, which hinged around the provided calibration chart. This chart could

be used to plot the response from the photodiode when each colour was illuminated by

the red, green and blue LEDs on their circuit board. The calibration graph constructed

by this method was then used to decide which colours were embedded at the bottom of

the “lung tubes” provided for study. By laying out the task in this way, the students were

encouraged to consider not only what the instrument they had constructed was reporting,

but how that related the charts they could see to the “lung samples” that they couldn’t. The

vagaries of assembly in a classroom environment also facilitated the teaching of sources

of uncertainty and variation between equipment.
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7.1.3.2 Sound

To explore the mechanical properties of acoustic waves, a Kundt’s tube was made by seal

ing a clear plastic tube with 3Dprinted pieces in tandem with gauze meshes. One of

the 3Dprinted endpieces allowed the connection of a highdisplacement speaker capable

of exciting a standing wave in the tube with the application of sound of the appropriate

frequency. Before sealing, the tubes were cleared of static cling by the application of

antistatic cleaner, then partially filled with smalldiameter polysterene balls, with the ad

dition of a single similarlysized ball bearing. The sound tool is schematically illustrated

in fig. 7.2.

Figure 7.2: A schematic of the sound tool. When the speaker is driven with a frequency
resonant in the transparent tube, the polysterene balls gather at the pressure nodes, as
illustrated.

This second tool was accompanied by audiovisual rather thanwrittenmaterials, principally

explanatory videos and a presentation outlining the possible uses of the acoustic wave

technology in healthcare settings. A supplementary demonstration was also included in

the form of generation of a standing wave on an elastic cord. Both tools and their rele

vant teaching materials were targeted towards a twoweek project, taking up three science

lessons per tool, broadly breaking down into an introductory lesson, a handson engage

ment with the tool, and a debrief lesson for each half.

The sound tool was introduced in the context of bloodborne pathogens such as try

panosomes, which can be separated from blood components by the application of

acoustic wave “trapping” technology. The classroom tool was organised in such a way

as to demonstrate this process on a macroscopic scale, using an acoustic standing wave

in a closedend tube to pin in place smalldiameter polysterene balls. While these balls

are unable to move in the presence of the wave, a much denser ball bearing is revealed

by its freedom of movement within the tube, representing a pathogen revealed by its

different mechanical properties. As well as the context of medical testing, this tool
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enables teaching of standing waves, and offers an explicit demonstration of the links

between wavelength, frequency and speed as well as the formation of standing waves.

7.1.3.3 Shorter Engagement Activities

The central outcome of the Circuits! project was the development of the classroom tools

and the lesson structure in which they were embedded, but the work that had gone into

this goal was readily extended to a more general public engagement context, for use at

science festivals and their ilk. To be used in such heavily timeconstrained settings, the

experience of using the tool must be streamlined, but without losing the most important

aspects of the associated learning. The introductions and accompanying materials were

stripped away, and the calibration steps removed from the operation of the light tool. The

exploration of how frequency is linked to the formation of standing waves was similarly

removed from the operation of the sound tool.

In practice, the two or threeminute versions of the tools consisted of using the light tool to

measure a single “lung” and a comparison of thosemeasurements to a prefilled calibration

curve, and of using the standing wave in the Kundt’s tube to reveal a sticker originally

covered by smalldiameter balls representing the blood sample. Such uses of the tools were

overseen by wellbriefed postgraduate students so as to ensure the appropriate context was

available to understand what each aspect of the tools was representative of. The activities

were also more coherently packaged together into an experience of “diagnosis” leading to

selection of the correct treatment.

7.1.4 Execution

Having developed the tools into a workable state, a pilot study was conducted in the two

schools from which our “core teachers” had been recruited. These teachers delivered the

planned lesson sequences to two classes each, and reported back to the rest of the project

group with slight adjustments before manufacture of the tools was scaled up significantly.

The initial run of tools were handassembled by project group members across two days

of effort, resulting in ~30 secondstage prototypes.

A followup trial of the educational tools was conducted with these prototypes, which were

offered to teachers at another 30 schools, alongside a halfday training session at SSERC in

Dunfermline. This training session was delivered by the project group, with a combination
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of presentations on the underpinning research, handson training with the tools themselves,

an explanation of the development process and an opportunity for networking to set up

links between schools and researchers. This final aspect was particularly important for

those teachers who had travelled from more remote areas to take part: students attending

rural schools are less likely to expect themselves to complete a university degree [187], and

more visible links with universities might be expected to make improve their expectations.

7.1.5 Outcomes

The Circuits! project led to the creation of highquality teaching aids and resources, form

ing the core of a twoweek school experience setting various physics topics in a wider

context to aid with understanding and engagement. This improvement in engagement

with the subject matter was evidenced by an increase from just 30% to 100% of surveyed

students reporting that engineering was or could be enjoyable or interesting [188]. Cen

tral to the project was the paradigm of coproduction with teachers, and this approach paid

dividends: 100% of teachers trained to use the materials intended to do so again in future,

and the tools have been successfully deployed in ~10% of Scottish secondary schools.

The project also resulted in the publication of an article in Sensors in early 2020 [188]:

the focus of this publication was largely on the collaborative nature of the process, and the

advantages outlined here.

Circuits! was the sort of largescale effort in public engagement which has been enabled

by the enthusiasm of funders for such engagement to form a core aspect of funded projects.

As noted at the outset of this chapter, communication of the science that we are doing is an

important part of performing novel research, and by genuinely engaging communities out

side of the university sphere, not only those communities but the researchers themselves

develop a better understanding of the research that is being done, and how it might affect

the wider world. By ensuring that engagement is a priority, it becomes possible to know

that other priorities are in the right place.

7.2 Not Exactly Rocket Science: a Podcast

Not Exactly Rocket Science was a podcast funded by the winnings from the November

2017 round of “I’m a Scientist, Get Me Out of Here.” It was released fortnightly for

approximately nine months, consisting of seventeen episodes in all.
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7.2.1 I’m a Scientist

I’m a Scientist, Get Me Out Of Here is an online competition held several times each year

using a textbased platform. Scientists and schools are divided into “zones” with five or six

scientists in each, and children at the schools are afforded an opportunity to ask questions

of the scientists in two ways: asynchronously in the “ASK” section, or live in the “CHAT”

section. The live chats are chaotic, consisting of a booked slot in which children from one

class log on simultaneously and chat in real time with whichever scientists are available.

The chat is moderated, but with upwards of twentyfive students and only two or three

adults present, the live chats are often chaotic as well as good fun.

Of greater interest, and I think more important to my success in the competition, the asyn

chronous segment allowed students to log in at any time and ask questions in a longer and

clearer format, with the question and answer published on the website for general con

sumption. During the two weeks of the competition, I answered 232 student questions in

my evenings and weekends, which made up 47% of the answers produced by the scientists

in my zone. This kind of direct interaction with young people who are making decisions

about their futures was very powerful, but unfortunately lacks reach. However, by a sys

tem of voting on the part of the students involved, scientists were eliminated, and I was

lucky enough to end up with the most votes and the £500 prize money, which was to be

treated as a grant for the purposes of further public engagement activities.

7.2.2 Concept

The high school students who were the target of, and participants in, I’m a Scientist were,

for the most part, interested in learning two things: what scientists are like, and what we

know that they don’t. Their natural curiosity, and the format of the competition, allowed

them to seek this information directly from the source, but as a rule adults are less likely

to be offered this kind of opportunity, and their engagement with science and scientists is

more probably going to be on their own terms and in their own time. A favoured method

of engaging with those outside my sphere for me is listening to podcasts.

Not Exactly Rocket Science was conceptualised as an interview podcast in which I, as a

physicist, would talk to medical and other researchers about their area of interest, allowing

me the opportunity to ensure that the information was pitched at an appropriate level for

understanding by a scientifically minded layperson (myself). In this format, a number of
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things are communicated to the listener simultaneously: firstly the research of the guest at

a reasonable degree of complexity, secondly the aspects of this research that overlap with

mine or with my preexisting knowledge as I was assimilating the new information from

the guest, and thirdly that even with the advanced training of a PhD researcher, almost

all actively researched fields of science are out of reach without asking a lot of questions.

By extension, the intent was that listeners would come to understand that it is possible,

and indeed acceptable, to ask questions of scientists and interrogate the literature with an

expectation of understanding.

It was determined that an interview partner would help to maintain stability of tone, pace

and content in the interviews, leading to the recruitment of Dominic Norberg as a cohost.

Dominic is an engineer by training, working on improvements to the imaging system used

in the previouslymentionedVersicolour instrument, and a fellow PhD student. His support

in the making of the podcast was invaluable, and I believe we worked in a complementary

fashion during both recruitment of researchers and in the interview process.

7.2.3 Implementation

The podcast was recorded exclusively on location, in the offices of the interviewees or

in conference rooms booked for the purpose. The acoustics were not always ideal, and

so the interviews were recorded both with a stereo x/y microphone intended to pick up

mainly the hosts and a lavalier microphone for the researcher being interviewed. This

gave three channels of audio that could be mixed together when the recordings were edited

in GarageBand to remove stray noises and to tighten the conversations, focusing on key

points and stories to keep finished episodes to around thirty minutes in length.

The finished episodes consisted of an intro and outro recorded by just the cohosts introduc

ing the podcast and the specific researcher who was the subject of the episode, followed

by the interview itself. In earlier episodes, certain difficult concepts might be identified

during editing and segments inserted which dealt with these through a subsequent conver

sationwith a fellow PhD candidate. After editing andmastering, the files were compressed

into matching .mp3 and .opus formats, metadata embedded in those files, and the audio

files uploaded along with a photograph of the interviewee to act as cover art to a webserver

hosted in the cloud.
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Figure 7.3: A screenshot of the website for the podcast

The website and rss feeds for the podcast were generated using Jekyll, a static site gen

erator written in Ruby. The files were then served online from a domain purchased for

the purpose: notexactlyrocketscience.fm. The rss feed was then submitted to Apple for

inclusion in their podcast directory, and distributed to a variety of other locations online

simultaneously to allow the most thorough possible dissemination of the podcast. Finally,

new episodes were announced on Twitter, again from an account created for the purposes

of the podcast: this allowed direct engagement from listeners, and copublicising of the

episode with the featured researcher or their institute.

7.2.4 The Researchers

Not Exactly Rocket Science ran for seventeen episodes, interviewing sixteen guests includ

ing a special interview of a physicist conducted by PhD researchers in biomedical fields.

The first season of six episodes included an episode in which the hosts interviewed one

another, but otherwise focused on researchers in the Queen’s Medical Research Institute

(QMRI). Margarete Hecke works on a protein called invadolysin [189], Chris Gregory

researches apoptosis [190], Henry McSorley isolates immunosupressive compounds from

parasites [191], Philippa Saunders has an interest in sex steroids [192], and Adriano Rossi

focuses on the mechanisms of inflammation [193].

The second season took in researchers from further afield: David Henderson in Inverness

researches the link between multimorbidity and social care [194], Elaine Dzierzak in Ed

inburgh makes stem cells [195], Gail McConnell and Karen Faulds in Glasgow work on

99

https://notexactlyrocketscience.fm


very large microscopes [196] and Raman nanoparticles [197] respectively. Also in Glas

gow, Poppy Lamberton works with neglected tropical diseases [198], while in Edinburgh,

Lynn Paterson researches optical trapping [199].

The third and final season was again further ranging, and had several episodes conducted

by web link. Lisa McDaid works in social science and health [200], Rachael Jack in

vestigates the universality of facial expressions [201], Will Wood researches repair and

regeneration [202], and Kate O’Donnell works on primary care in Glasgow [203]. Fi

nally, Adam Zeman in Exeter coined the term “aphantasia,” and works on this disorder of

visual imagery [204].

An additional interview was conducted with Mohini Gray, a clinician researcher in the

field of autoimmune disorders [205]. Unfortunately, technical errors led to the loss of the

recording of this interview, so it was never published as a podcast episode. Hopefully it

is evident that even in the absence of this episode, the show was broad and farreaching

in its subject areas, and presented a range of cuttingedge research topics being pursued

across Scotland and beyond.

7.2.5 Feedback from Listeners

The production and publication of a podcast is effectively a broadcast, in the sense that

there is a onetomany model of interaction in which the same episodes go to all sub

scribers. In this regard, the podcast was very different from other public engagment ac

tivities undertaken during my PhD, and lacked direct feedback in a realtime sense with

those being engaged. There were however some pieces of feedback through Twitter and

the published email addresses that perhaps indicate that the show was enjoyed by those

who found it:

“just wanted to say congrats ’cause it is brilliant and I have already recom

mended it to people!”

“I’ve really been enjoying the ‘Not @ExactlyRocket Science’ podcast”

“I’m feeling a little less excluded from the rest of society, and I really felt I

learnt a lot from the podcast. I’ll definitely have to check some of the others

out as well!”
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7.2.6 Outcomes

Not Exactly Rocket Science was regularly downloaded by only a few dozen listeners while

it was being aired. While it may not have reached as many people as it might have, it en

gaged several researchers from different institutions with the idea of the internet as an

accessible medium for direct dissemination of their research outcomes. Some of those

researchers were decidedly nervous at the prospect of being recorded and others of them,

while confident and happy in the interview, would not have seen a podcast as an option

when it comes to fulfilling their desire for communication of their research. The podcast

was therefore arguably more successful in the interactions that it allowed between estab

lished researchers and younger early career researchers, and hopefully facilitated a mixing

of the viewpoints thereof.

The podcast is no longer updating, although all episodes remain online and reachable.

The growing prevalence and popularity of podcasts centred around science and scientists

is testament to the potential of this approach, and it is one of the positive properties of such

an endeavour that the output itself remains as a resource which continues to be available

for interested parties.

7.3 Conclusions

These projects explored two very different approaches to public engagement with research,

approaches which are complementary and which together provided a thorough grounding

in this important aspect of research. In the first, my role was to act as part of a team, facil

itating important conversations and taking an active role in decision making. The process

was collaborative at every step and in several senses: between researchers, between the

research and teaching members of the group, between the group and the trial teachers.

The project was also fundamentally a directaction affair: by the end of the year, the re

searchers involved had met all of the teachers who were presenting the material, and who

were using the tools in their classrooms. In the production of the podcast, I was very much

a leader, directing the process at every step and undertaking various aspects including pro

duction entirely on my own. As well as, or perhaps as a result of, moving into a lead role,

the project was more personal and guided solely by my vision. The format of the output

was also markedly different, being a broadcast to a distant and abstract audience rather
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than a realtime interaction with the public. This combination of projects created a bright

tapestry of experience to enrich and inform my research.

As well as guiding and illuminating my research interest, the projects had very real im

pacts, reaching hundreds of children in high schools across Scotland and sciencecurious

laypersons online. Scientific research does not occur in a vacuum, and my public engage

ment activities acted as a pressure valve to allow equilibration of ideas from inside and

outside the academy, giving a broader perspective on my own research but also on how

and why science is done.
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A | Simulation of a Photonic Lantern

The desired output of these simulations was a set of mode patterns equal in number to

the number of supported modes in the multimode port. Each was simulated as a random

combination of the LP modes of a highly multimode dielectric fibre. While each combi

nation is random, the combinations form an orthogonal set. The LP modes are given to

an excellent approximation by the field distribution in a circular idealmirror waveguide,

seen in eq. A.1.

𝜓(𝑟, 𝜙) = 𝐴𝐽𝑙(𝑗𝑙,𝑚𝑟/𝜌)
⎧{
⎨{⎩

cos(𝑙𝜙) even symmetry

sin(𝑙𝜙) odd symmetry
(A.1)

In this equation,𝜓(𝑟, 𝜙) is the spatial field distribution, 𝑟 and𝜙 are plane polar coordinates,

𝐽𝑙 is the Bessel function, 𝜌 is the radius of the waveguide and 𝐴 a normalisation function

given in eq. A.2.

𝐴 = √ 2
𝜋𝛼𝑙

1
𝜌𝐽𝑙+1(𝑗𝑙,𝑚) (A.2)

Where 𝛼𝑙 = 1 when 𝑙 ≠ 0 and 𝛼𝑙 = 2 when 𝑙 = 0.

When the spatial field distributions of the LP modes have been calculated, they are then

weighted by complex excitation/phase constants and summed. The constants are chosen

such that they are random and orthogonal, simulating the random excitation generated

by spatiallyseparated inputs. Finally, the intensities are calculated as the square of the

generated amplitudes.

What follows is a commented copy of the python script used for the photonic lantern sim

ulation described above. The comments are intended to guide an attempt at replication of

these results, and deal with the script design and the constraints of the machine, principally
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that of fixed memory (with an 8150 core lantern simulated across a field of 1024 × 1024
pixels, the output alone is more than 8GB in size, and is generated from two similarlysized

matrices in the following code).

#!/usr/bin/env python3

import numpy as np # numpy is needed to work with maths

from scipy import special # special contains the Bessel function

import csv # csv is needed to parse the modeinfo file

radius = 255 # sets the size of the output image

modenumber = 2000 # sets the number of modes to be produced

output_folder = "path/to/output/"

width = (radius*2)+1 # we use a canvas with a central point

ls = [] # azimuthal orders of the modes

ms = [] # radial orders of the modes

symmetries = [] # symmetry around the phi=0 axis

js = [] # zeros of the Bessel function

rs = [] # radial distance from the centre

phis = [] # azimuthal distance around mode

# we start by generating two square fields:

# one of r and the other of phi

for x in range(width):

for y in range(width):

rs.append(((radius-x)**2+(radius-y)**2)**0.5/radius)

if x-radius == 0:

if y-radius > 0:

phis.append(0.5*np.pi)

else:

phis.append(1.5*np.pi)
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elif y-radius == 0:

if x-radius > 0:

phis.append(0)

else:

phis.append(np.pi)

elif x-radius > 0:

phis.append(np.arctan((y-radius)/(x-radius)))

else:

phis.append(np.pi + np.arctan((y-radius)/(x-radius)))

# this function will be used in the later evaluation

# of the central equation

def trig(symmetry, l, i):

if symmetry == 0:

return np.cos(l*phis[i])

else:

return np.sin(l*phis[i])

# the details of the lowest-order modes are read from

# a file

with open("modeinfo.txt") as data:

reader = csv.reader(data, delimiter="\t")

for row in reader:

ls.append(int(row[0]))

symmetries.append(int(row[2]))

js.append(float(row[3]))

# In this section, the random array of weights is created, then

# linalg.qr is used to orthogonalise them. an empty vector is

# initialised which will be populated later.

np.random.seed(0) # Seeding the PRNG for repeatability
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orth = np.linalg.qr((np.random.rand(modenumber, modenumber, 2)*2-1

).view(dtype=np.complex128)[..., 0])[0]

base = np.ones(shape=(width*2, modenumber),

dtype=np.complex128)

# This final section is where the work is done: the pixels are

# iterated through and the equation described above is evaluated

# at each point in the array. The outputs are produced one line

# at a time to stay within memory constraints, and written out to

# an ad-hoc file structure which is compiled by a simple script

# into the output images.

for k in range(radius):

for mode in range(modenumber):

l = ls[mode]

sym = symmetries[mode]

j = js[mode]

if l == 0:

alpha = 2

else:

alpha = 1

A = (2/((np.pi*alpha)**0.5)/(radius*special.jv(l+1, j)))

for i in range(2*width):

r = rs[2*width*k+i]

if r < 1:

base[i, mode] = A*special.jv(l, j*r)*trig(sym,\

l, 2*width*k+i)

for i in range(modenumber):

output=np.multiply(orth[:,i],base)

output=np.multiply(output.sum(1),np.conj(output.sum(1)))
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np.save(output_folder+str(i)+"line"+str(k),\

output.real.reshape(2,width))
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B | Code That Writes Code

The nanometerprecision stages that form the spatial addressing system of the ultrafast

laser inscription rig described in chapter four are capable of exquisite precision, but any

description of the control software would be simply farfetched in using the adjective

“exquisite.” The main features of the control language are the ability to move the stages

in a straight line from one point to another, to move the stages along an elliptical arc

segment, and to trigger external output through the use of specialised variables. While

capable of driving the manufacture of coarselydetailed waveguides and structures, the

control language is a poor substitute for a highlevel language like Python when it comes

to specifying and reproducing complex 3D patterns.

An early decision was made to concentrate on writing variables and functions in python

that would represent repeatable activities in the design of the waveguide structures, so

opening and closing the shutter, or changing the power controls, are referred to as such

in code. The functions then build on one another, such that a general movement is de

fined, then incorporated into a parametrically defined curve, which is in turn incorporated

(throught the use of flybacks and repeats) into a full waveguide instruction. Again, the

waveguide function takes parameters so that the designs can be tweaked without having

to dig into the underlying code or change instructions in more than one place. Finally, the

functions are used to construct an even higherlevel design for a specific photonic lantern,

defined according to the studies related in chapter four of this thesis.

To really take advantage of having transitioned from the lowlevel control language to a

generalpurpose highlevel language, a rough graphical user interface was constructed us

ing the formlayout package, allowing all of the parameters (including the offset to account

for a slightly sloping mount) to be specified without recourse to a text editor. The output

was written as stage control language code to an output file on a memory stick which could

then be easily transferred to the computer operating the stages. Simultaneously a copy of
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the output file was made in a backup folder to create a record of the parameters and utilised

code for each trial.

As before, what follows is commented Python code for the adventurous.

#! /bin/env python3

import numpy as np

import re

import formlayout

# The gui form is laid out

everchange = [("Is this a simulation", False),

("Slope in x", 0.),

("Slope in y", 0.),

("Output file", "F:generatedcode.pgm")]

backup = [("Do we want a backup?", False),

("Slope in x", 0.),

("Slope in y", 0.),

("x", 0.),

("y", 0.),

("z", 0.)]

writing = [("Speed", 4),

("Waveguide separation", 0.03),

("Number of scans", 18),

("Scan separation", 0.0002),

("Initial Power", 485),

("Transition length", 5)]

glass = [("Chip length", 15),

("Refractive index", 1.543429)]
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neverchange = [("Initial x", 2.),

("Initial y", -1.),

("Initial z", 0.104),

("Shutter dwell time", 0.1),

("Power dwell time", 10.),

("Flyback speed", 20),

("Step size", 0.05),

("Archive", r"path/to/archive")]

[sim, xslope, yslope, output], \

[backup, bxslope, byslope, bx, by, bz], \

[speed, waveguide_sep, scans, scan_sep, power, transition], \

[chip_length, refractive_index], \

[initial_x, initial_y, initial_z, shutter_dwell, power_dwell,

flyback_speed, step_size, store] = \

formlayout.fedit(((everchange, "Setup", None),

(backup, duplicate, None),

(writing, "Writing", None),

(glass, "Specs", None),

(neverchange, "Leave", None)),

"Enter write parameters")

# A limiter to ensure the instructions are not issued more rapidly

# than the stages can consume them.

if speed/step_size > 400:

step_size = speed/400

# To allow more rapid simulation of generated code in the realtime

# simulation environment.

if sim:

shutter_dwell, power_dwell = 0, 0

speed = speed*1000
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flyback_speed = flyback_speed*1000

scans = 1

# Enlightening the inscrutable instructions.

open_shutter = "\n$DO1.X = 1 \nDWELL "+str(shutter_dwell)

close_shutter = "\n$DO1.X = 0 \nDWELL "+str(shutter_dwell)

boilerplate = "\nINCREMENTAL \nMETRIC \nSECONDS"

xclose = 0.

zclose = 0.0036

# The function names are mostly self-explanatory. A number of them

# return strings of control software code.

def setpower(power):

command = "\n$RO1 = "+str(power)+" \nDWELL "+str(power_dwell)

return command

def move(x, y, z, f):

return "\nLINEAR X {} Y {} Z {} F {}".format("{:.7f}".format(\

x), "{:.7f}".format(y), "{:.7f}".format(\

(z/refractive_index) +x*xslope+y*yslope), f)

def writecurve(length, xoffset, zoffset, speed):

steps = int(length/step_size)

movement = ""

for i in range(steps):

curve = (np.sin(0.5*np.pi*((i+1)/steps)))**2 - \

(np.sin(0.5*np.pi*(i/steps)))**2

movement += move(xoffset*curve, length/steps,\

zoffset*curve, speed)

return movement

111



def repeat(code, repeats):

return "\nREPEAT "+str(repeats)+re.sub("\n","\n\t",code)+\

"\nENDRPT"

def waveguide(xoffset, zoffset):

coordinates = ""

straights = (chip_length+2-transition)/2

coordinates += open_shutter + \

move(0, straights, 0, speed) + \

writecurve(transition, xoffset, zoffset, speed) + \

move(0, straights, 0, speed) + \

close_shutter + \

move(xoffset*-1, (chip_length+2)*-1, zoffset*-1,

flyback_speed) + \

move(scan_sep, 0, 0, speed)

return repeat(coordinates, scans)

# This last function produces two coupled waveguides, to aid with

# identification and orientation of the chip.

marker = setpower(power)+\

repeat(repeat(open_shutter+move(0,chip_length+2,0,speed)+\

close_shutter+\

move(scan_sep,(chip_length+2)*-1,0,flyback_speed),scans)+\

move(0.01,0,0,speed),2)+\

move(0.0728,0,0,speed)

# The remainder of this script consists of the instruction set

# being generated and written out to file.

array = ""
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# Lanterns

array += waveguide(0, 0)

array += move(5*waveguide_sep, 0, 4*(waveguide_sep+zclose), speed)

for z in range(-2, 3):

for x in range(2, -3, -1):

array += waveguide(x*waveguide_sep, z*waveguide_sep)

array += move(waveguide_sep+xclose, 0, 0, speed)

array += move(-5*(waveguide_sep+(scan_sep*scans)), 0,

-(waveguide_sep+zclose), speed)

array += move(10*waveguide_sep,0,10*(waveguide_sep+zclose),speed)

for z in range(-5, 5):

for x in range(5, -5, -1):

array += waveguide(x*waveguide_sep, z*waveguide_sep)

array += move(waveguide_sep+xclose, 0, 0, speed)

array += move(-10*(waveguide_sep+(scan_sep*scans)), 0,

-(waveguide_sep+zclose), speed)

content = boilerplate+move(initial_x,initial_y,initial_z,speed)+\

marker + array

if backup:

content+='\nABSOLUTE\nLINEAR X {} Y {} Z {} F {}\nINCREMENTAL'\

.format("{:.7f}".format(bx), "{:.7f}".format(by),\

"{:.7f}".format(bz), flyback_speed)+\

move(initial_x, initial_y, initial_z, speed) +\

marker + array

# Write out two copies of the code

with open(output, "w") as file:
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file.write(content)

with open(store + output.split(":")[1], "w") as file:

file.write(content)
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C | Spot Projection

Having decided to use an SLM to produce diffraction gratings so that the focused spot of

light can be steered across the input facet of the photonic lantern, the first problem becomes

one of control. The way in which the parameters of the diffraction grating affect the

reflected spot was outlined in chapter five, but the nuts and bolts of how those diffraction

gratings are created and sent to the SLM are just as important. Fortunately, by the time of

the experiments related in chapter five, my preferred IDE for python coding had become

Jupyter notebooks, in which code is interspersed with descriptive comments such that the

source file represents more completely the thought processes of the coder.

This development means that the source code is much more readable, and hopefully thus

easier to read when not marked up or additionally commented. The source is included

here to aid in comprehension of my experimental method: C.1 is the script for creating

the diffraction gratings, and C.2 is the script for using them to acquire images and sensor

data.

C.1 Generating Gratings

Well today, we’re going to make some diffraction gratings to put on the SLM so that we

can play with spots. We’re going to need some basics…

import numpy as np

import imageio

from scipy import ndimage

We’ll also define some parameters of our SLM up front, just to get it out of the way.

twopi = 155

correction = imageio.imread(r"path/to/correctionpattern.bmp")
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resolutionX, resolutionY = correction.shape

We should also turn on the SLM at this point, if we’re using it:

import slmpy

slm = slmpy.SLMdisplay()

The patterns need to have four parameters: orientation and pitch, (which control the posi

tion of the spot), depth (which controls the amplitude of the spot), and offset (which should

give control over the overall phase of the spot). They also have a resolution in both X and

Y, which we set earlier.

For the avoidance of doubt:

• orientation is in degrees

• pitch is in pixels

• depth is out of 100

• offset is as a fraction of pitch, between 0 and 1

We’ll need to generate a pattern big enough to go cornertocorner on the SLM, to cover

all of the angles that we might rotate it by. Then we make the big pattern with the required

pitch, depth and offset, and finally rotate it to the appropriate orientation and crop the

centre out of it.

def generate_pattern(orientation, pitch, depth, offset,\

resX = resolutionX, resY = resolutionY):

if resX > resY:

scale = int(resX * (2**0.5))

else:

scale = int(resY * (2**0.5))

diffX = int((scale - resX) / 2)

diffY = int((scale - resY) / 2)

base = np.zeros(shape=(scale, scale), dtype = float)

for i in range(scale):

base[i,:] = (i+offset)%pitch * depth/pitch

pattern = ndimage.rotate(base, orientation,\

reshape = False)[diffX:-diffX, diffY:-diffY]

return pattern
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Now we need to define the function to be called when we’ve changed the parameters,

which should rebuild the grating associated with those parameters and then work our the

corrected, folded, scaled output and finally shove that off onto the SLM so that we can see

the results in the real world.

def build_grating(button):

designation = button.description[6:]

global sliders

for slider in sliders:

if slider[0] == designation:

slider[7] = generate_pattern(slider[1].value,\

slider[2].value,slider[3].value,slider[4].value)

gratings = np.dstack([sliders[i][7] for i in range(len(sliders))])

global output

output = (((gratings.sum(2) + correction) % 255)*twopi/255).\

astype(np.uint8)

if slm:

slm.updateArray(output)

Okay, so we need some controls for each grating, which we’re going to produce from

widgets. Lots and lots of widgets. First up lets think of some names…

sliders = [["Olivia",1,2,3,4,5,6,7,8]]

And now that we have all of our pieces in place, we just need to build our array of sliders.

Hopefully it’ll go well

import ipywidgets as widgets

for name in sliders:

name[1] = widgets.FloatText(value=0,min=0,max=90,description="o")

name[2] = widgets.FloatText(value=30,min=0,max=100,description="p")

name[3] = widgets.FloatText(value=0,min=0,max=12000,description="d")

name[4] = widgets.FloatText(value=0,min=0,max=600,description="of")

name[5] = widgets.Button(description="Build "+name[0])

name[5].on_click(build_grating)

name[6] = widgets.VBox((widgets.Box((name[1],name[2],name[3],\

name[4])),name[5]))
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name[7] = np.zeros(shape=correction.shape, dtype=float)

widgets.VBox([widgets.Box([slider[6] for slider in sliders[\

row*5:(row+1)*5]]) for row in range(5)])

Okay, so that doesn’t work the way I’d have expected it to. I’m going to try splitting the

SLM into two halves vertically, and putting the patterns that I want on each half instead.

Fingers crossed…

NB Running this cell will obviate the output of the previous one: you’ll need to choose

which you want.

olivia_orientation = 66

olivia_pitch = 9.1

olivia_depth = 150

amelia_orientation = 56.5

amelia_pitch = 20.3

amelia_depth = 0

olivia=generate_pattern(olivia_orientation,olivia_pitch,olivia_depth,0)

amelia=generate_pattern(amelia_orientation,amelia_pitch,amelia_depth,0)

grid = np.hstack((olivia[:,int(resolutionY/2):],amelia[:,:int(\

resolutionY/2)]))

global output

output = (((olivia + correction) % 255)*twopi/255).astype(np.uint8)

if slm:

slm.updateArray(output)

Finally, for testing we should have a way of looking at the output that we’ve generated,

using matplotlib

import matplotlib.pyplot as plt

%matplotlib inline

plt.imshow(output);

And also, it would actually be nice to be able to hang on to those parameters if we’re

stepping away. Shall we save it out to a file?

parameters = "Parameters known to produce spots: \n\n"

for slider in sliders:
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parameters += slider[0]

parameters += "\t"

parameters += str(slider[1].value)

parameters += "\t"

parameters += str(slider[2].value)

parameters += "\t"

parameters += str(slider[3].value)

parameters += "\t"

parameters += str(slider[4].value)

parameters += "\n"

with open("parameters.text", "w") as file:

file.write(parameters)

Dope.

C.2 Unattended Acquisitions

Okay, so we’re going to write a script to run this thing unattended. It’s going to take in a list

of parameters that produce spots in the right place, cycle through all of the combinations

thereof projecting them onto the SLM so that we get all of the possible combinations of

spots, then for each combination it’s going to either snap a photo or it’s going to take

readings from the signal and the reference arms.

import numpy as np

Probably this is a good time to get the parameters for the spots out of that file, actually

import fileinput

spots = [line.split(', ') for line in fileinput.input('spots')]

And now we need to turn on the SLM, load parameters, and probably define the function

to generate patterns for it

import slmpy, imageio

from scipy import ndimage

slm = slmpy.SLMdisplay()

twopi = 155

correction = imageio.imread(r"C:path/to/correctionpattern.bmp")
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resolutionX, resolutionY = correction.shape

def generate_pattern(orientation, pitch, depth, offset,\

resX = resolutionX, resY = resolutionY/2):

if resX > resY:

scale = int(resX * (2**0.5))

else:

scale = int(resY * (2**0.5))

diffX = int((scale - resX) / 2)

diffY = int((scale - resY) / 2)

base = np.zeros(shape=(scale, scale), dtype = float)

for i in range(scale):

base[i,:] = (i+offset)%pitch * depth/pitch

pattern = ndimage.rotate(base, orientation, reshape = False\

)[diffX:-diffX, diffY:-diffY]

return pattern

Run the following cells for image acquisition

We’ll start with the photos: we’ll need to initiate the camera, and then write a little wrapper

around grabbing an image. Unfortunately, these old, old modules are full of deprecated

stuff, so this will throw some warnings.

from instrumental import instrument

cam = instrument('UC480')

cam.auto_blacklevel = 0

cam.auto_gain = 0

cam.auto_framerate = 0

cam.blacklevel_offset = 0

cam.gain_boost = 0

cam.master_gain = 1.0

def look(exposure):

stop = 0

while stop == 0:

image = cam.grab_image(exposure_time = str(exposure)+'ms')

if exposure == 0.02:
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stop = 1

elif exposure < 0.1:

if image.max == 255:

exposure -= 0.01

else: stop = 1

elif exposure < 1:

image = cam.grab_image(exposure_time = str(exposure)+'ms')

if image.max() == 255:

exposure -= 0.1

else: stop = 1

elif exposure == 300:

exposure = 80

stop = 1

elif image.max() == 255:

exposure -= 1

elif image.max() < 150:

exposure += 1

else:

stop = 1

return image, exposure

Finally, we need to iterate through those parameters to grab some pictures or sensor read

ings.

from time import sleep

picture = np.zeros(shape = correction.shape, dtype = float)

exposure = 8

data = []

for i in range(len(spots)):

left = generate_pattern(float(spots[i][1]),float(spots[i][2]\

),float(spots[i][3]),0)

for j in range(i+1):

right = generate_pattern(float(spots[-(j)][1]),float(\

spots[-(j)][2]),float(spots[-(j)][3]),0)

output = (((np.hstack((left, right)) + correction) % 255)*\
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twopi/255).astype(np.uint8)

slm.updateArray(output)

picture, exposure = look(exposure)

imageio.imwrite(r'path/to/images' + spots[i][0] + 'with' +\

spots[j][0] + '.bmp', picture)

Or these ones for sensor acquisition

Next up the sensors: we need to initiate both of them, set them to the right wavelength

range, and throw in a little function that will grab info from both and collate it to be written

out to file

import visa

rm = visa.ResourceManager()

signal_pm = rm.open_resource('USB_ID')

reference_pm = rm.open_resource('USB_ID')

signal_pm.write('sense:correction:wav 785')

reference_pm.write('sense:correction:wav 785');

def powers():

signal, reference = 0., 0.

for i in range(100):

signal += float(signal_pm.query('measure:power?'))

reference += float(reference_pm.query('measure:power?'))

return signal, reference

Finally, we need to iterate through those parameters to grab some pictures or sensor read

ings.

from time import sleep

picture = np.zeros(shape = correction.shape, dtype = float)

exposure = 8

data = []

for i in range(len(spots)):

left = generate_pattern(float(spots[i][1]),float(spots[i][2]),\

float(spots[i][3]),0)

for j in range(i+1):
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right = generate_pattern(float(spots[-(j)][1]),\

float(spots[-(j)][2]),float(spots[-(j)][3]),0)

output = (((np.hstack((left, right)) + correction\

) % 255)*twopi/255).astype(np.uint8)

slm.updateArray(output)

signal, reference = powers()

data.append([spots[i][0]+'with'+spots[j][0],signal,reference])

with open(r'path/to/sensorinfo.txt', 'w+') as file:

for line in data:

for item in line:

file.write(str(item) + ', ')

file.write('\n')

Don’t forget to close the door when you leave.

signal_pm.close()

reference_pm.close()

123



References

[1] E. Dickinson, The letters of emily dickinson. Belknap Press, 1958.

[2] R. Taylor, F. Mercury, J. Deacon, B. May, and D. Bowie, Under pressure.

EMI/Elektra; Hot Space, 1981.
[3] P. Pullman, The subtle knife. Scholastic, 1997.

[4] J.D. Colladon, “La fontaine colladon,” La Nature, vol. 12, pp. 525–526, 1884.

[5] H. Lamm, “Biegsame optische geräte,” Zeitschrift für Instrumentenkunde, vol. 50,

pp. 579–581, 1930.
[6] A. C. S. V. Heel, “A new method of transporting optical images without aberra

tions,” Nature, vol. 173, no. 4392, pp. 39–39, Jan. 1954, doi: 10.1038/173039a0.
[7] X. Chen, K. L. Reichenbach, and C. Xu, “Experimental and theoretical analysis of

coretocore coupling on fiber bundle imaging,” Optics Express, vol. 16, no. 26,

p. 21598, Dec. 2008, doi: 10.1364/oe.16.021598.
[8] N. OrtegaQuijano, F. FanjulVélez, and J. L. ArceDiego, “Optical crosstalk in

fluence in fiber imaging endoscopes design,” Optics Communications, vol. 283,

no. 4, pp. 633–638, Feb. 2010, doi: 10.1016/j.optcom.2009.10.075.
[9] M. Koshiba, K. Saitoh, and Y. Kokubun, “Heterogeneous multicore fibers: Pro

posal and design principle,” IEICE Electronics Express, vol. 6, no. 2, pp. 98–103,

2009, doi: 10.1587/elex.6.98.
[10] S. Zheng, G. Ren, Z. Lin, and S. Jian, “Modecoupling analysis and trench design

for largemodearea lowcrosstalk multicore fiber,” Applied Optics, vol. 52, no.

19, p. 4541, Jun. 2013, doi: 10.1364/ao.52.004541.
[11] H. A. C. Wood, K. Harrington, T. A. Birks, J. C. Knight, and J. M. Stone, “High

resolution airclad imaging fibers,” Optics Letters, vol. 43, no. 21, p. 5311, Oct.

2018, doi: 10.1364/ol.43.005311.

124

https://doi.org/10.1038/173039a0
https://doi.org/10.1364/oe.16.021598
https://doi.org/10.1016/j.optcom.2009.10.075
https://doi.org/10.1587/elex.6.98
https://doi.org/10.1364/ao.52.004541
https://doi.org/10.1364/ol.43.005311


[12] G. S. D. Gordon et al., “Characterizing optical fiber transmission matrices using

metasurface reflector stacks for lensless imaging without distal access,” Physical

Review X, vol. 9, no. 4, Dec. 2019, doi: 10.1103/physrevx.9.041050.
[13] J. Baillie, “The endoscope,” Gastrointestinal Endoscopy, vol. 65, no. 6, pp. 886–

893, May 2007, doi: 10.1016/j.gie.2007.01.032.
[14] L. Thiberville et al., “Human in vivo fluorescence microimaging of the alveolar

ducts and sacs during bronchoscopy,” European Respiratory Journal, vol. 33, no.

5, pp. 974–985, Feb. 2009, doi: 10.1183/09031936.00083708.
[15] Olympus, [Online]. Available: https://medical.olympusamerica.com/products/fl

exiblecystonephroscope/cyf5.
[16] Pentax, [Online]. Available: https://www.pentaxmedical.com/pentax/en/101/1/Fi

berNasoPharyngoLaryngoscopes/.
[17] Z. A. Steelman, S. Kim, E. T. Jelly, M. Crose, K. K. Chu, andA.Wax, “Comparison

of imaging fiber bundles for coherencedomain imaging,” Applied Optics, vol. 57,

no. 6, p. 1455, Feb. 2018, doi: 10.1364/ao.57.001455.
[18] M. S. Bergholt et al., “Fiberoptic confocal raman spectroscopy for realtime in

vivo diagnosis of dysplasia in barretts esophagus,” Gastroenterology, vol. 146, no.

1, pp. 27–32, Jan. 2014, doi: 10.1053/j.gastro.2013.11.002.
[19] A. R. Akram et al., “In situ identification of gramnegative bacteria in human

lungs using a topical fluorescent peptide targeting lipid a,” Science Transla

tional Medicine, vol. 10, no. 464, p. eaal0033, Oct. 2018, doi: 10.1126/sci

translmed.aal0033.
[20] J. G. Fujimoto, C. Pitris, S. A. Boppart, and M. E. Brezinski, “Optical coherence

tomography: An emerging technology for biomedical imaging and optical biopsy,”

Neoplasia, vol. 2, no. 1–2, pp. 9–25, Jan. 2000, doi: 10.1038/sj.neo.7900071.
[21] G. J. Tearney, “In vivo endoscopic optical biopsy with optical coherence tomog

raphy,” Science, vol. 276, no. 5321, pp. 2037–2039, Jun. 1997, doi: 10.1126/sci

ence.276.5321.2037.
[22] Y. Chen et al., “Ultrahigh resolution optical coherence tomography of barrett’s

esophagus: Preliminary descriptive clinical study correlating images with histol

ogy,” Endoscopy, vol. 39, no. 7, pp. 599–605, Jul. 2007, doi: 10.1055/s2007

966648.

125

https://doi.org/10.1103/physrevx.9.041050
https://doi.org/10.1016/j.gie.2007.01.032
https://doi.org/10.1183/09031936.00083708
https://medical.olympusamerica.com/products/flexible-cysto-nephroscope/cyf-5
https://medical.olympusamerica.com/products/flexible-cysto-nephroscope/cyf-5
https://www.pentaxmedical.com/pentax/en/101/1/Fiber-Naso-Pharyngo-Laryngoscopes/
https://www.pentaxmedical.com/pentax/en/101/1/Fiber-Naso-Pharyngo-Laryngoscopes/
https://doi.org/10.1364/ao.57.001455
https://doi.org/10.1053/j.gastro.2013.11.002
https://doi.org/10.1126/scitranslmed.aal0033
https://doi.org/10.1126/scitranslmed.aal0033
https://doi.org/10.1038/sj.neo.7900071
https://doi.org/10.1126/science.276.5321.2037
https://doi.org/10.1126/science.276.5321.2037
https://doi.org/10.1055/s-2007-966648
https://doi.org/10.1055/s-2007-966648


[23] S. Turtaev, I. T. Leite, T. AltweggBoussac, J. M. P. Pakan, N. L. Rochefort,

and T. Čižmár, “Highfidelity multimode fibrebased endoscopy for deep brain

in vivo imaging,” Light: Science & Applications, vol. 7, no. 1, Nov. 2018, doi:

10.1038/s413770180094x.
[24] SynMed, [Online]. Available: http://www.synmed.co.uk/_discontinued/products

_confocal_endomicroscopy_alveoflex.htm.
[25] C. Yeh and F. I. Shimabukuro, The essence of dielectric waveguides. Springer US,

2008.
[26] E. Snitzer, “Cylindrical dielectric waveguide modes,” Journal of the Optical Soci

ety of America, vol. 51, no. 5, p. 491, May 1961, doi: 10.1364/josa.51.000491.
[27] K. Morishita, “Hybrid modes in circular cylindrical optical fibers,” IEEE Transac

tions on Microwave Theory and Techniques, vol. 31, no. 4, pp. 344–350, 1983,

doi: 10.1109/tmtt.1983.1131495.
[28] D. Gloge, “Weakly guiding fibers,” Applied Optics, vol. 10, no. 10, p. 2252, Oct.

1971, doi: 10.1364/ao.10.002252.
[29] C. Yeh, “Guidedwave modes in cylindrical optical fibers,” IEEE Transac

tions on Education, vol. E–30, no. 1, pp. 43–51, Feb. 1987, doi:

10.1109/te.1987.5570585.
[30] M. Ikeda, Y. Murakami, and K. Kitayama, “Mode scrambler for optical fibers,”

Applied Optics, vol. 16, no. 4, p. 1045, Apr. 1977, doi: 10.1364/AO.16.001045.
[31] R. Rokitski and S. Fainman, “Propagation of ultrashort pulses in multimode fiber

in space and time,” Optics Express, vol. 11, no. 13, p. 1497, Jun. 2003, doi:

10.1364/oe.11.00149710.1364/OE.25.027543.
[32] S. M. Popoff, G. Lerosey, R. Carminati, M. Fink, A. C. Boccara, and S. Gigan,

“Measuring the transmissionmatrix in optics: An approach to the study and control

of light propagation in disordered media,” Physical Review Letters, vol. 104, no.

10, Mar. 2010, doi: 10.1103/physrevlett.104.100601.
[33] D. Kim et al., “Toward a miniature endomicroscope: Pixelationfree and

diffractionlimited imaging through a fiber bundle,” Optics Letters, vol. 39, no.

7, p. 1921, Mar. 2014, doi: 10.1364/ol.39.001921.
[34] E. Premillieu and R. Piestun, “Measuring the transmission matrix of a scatter

ing medium using epifluorescence light,” Optics Communications, vol. 462, p.

125207, May 2020, doi: 10.1016/j.optcom.2019.125207.
[35] S. Li, S. A. R. Horsley, T. Tyc, T. Cizmar, and D. B. Phillips, “Guidestar assisted

imaging through multimode optical fibres,” May 2020, [Online]. Available: http:

//arxiv.org/abs/2005.06445.

126

https://doi.org/10.1038/s41377-018-0094-x
http://www.synmed.co.uk/_discontinued/products_confocal_endomicroscopy_alveoflex.htm
http://www.synmed.co.uk/_discontinued/products_confocal_endomicroscopy_alveoflex.htm
https://doi.org/10.1364/josa.51.000491
https://doi.org/10.1109/tmtt.1983.1131495
https://doi.org/10.1364/ao.10.002252
https://doi.org/10.1109/te.1987.5570585
https://doi.org/10.1364/AO.16.001045
https://doi.org/10.1364/oe.11.00149710.1364/OE.25.027543
https://doi.org/10.1103/physrevlett.104.100601
https://doi.org/10.1364/ol.39.001921
https://doi.org/10.1016/j.optcom.2019.125207
http://arxiv.org/abs/2005.06445
http://arxiv.org/abs/2005.06445


[36] S. M. Popoff, G. Lerosey, M. Fink, A. C. Boccara, and S. Gigan, “Controlling

light through optical disordered media: Transmission matrix approach,” New Jour

nal of Physics, vol. 13, no. 12, p. 123021, Dec. 2011, doi: 10.1088/1367

2630/13/12/123021.
[37] T. Čižmár and K. Dholakia, “Shaping the light transmission through a multimode

optical fibre: Complex transformation analysis and applications in biophotonics,”

Optics Express, vol. 19, no. 20, p. 18871, Sep. 2011, doi: 10.1364/oe.19.018871.
[38] A. Perperidis et al., “Characterization and modelling of intercore coupling in co

herent fiber bundles,” Optics Express, vol. 25, no. 10, p. 11932, May 2017, doi:

10.1364/oe.25.011932.
[39] S. Yerolatsitis et al., “Developing novel fibres for endoscopic imaging and sens

ing,” Jul. 2019, doi: 10.1109/icton.2019.8840197.
[40] J.W. Han, J.H. Kim, S.H. Cheon, J.O. Kim, and S.J. Ko, “A novel image inter

polation method using the bilateral filter,” IEEE Transactions on Consumer Elec

tronics, vol. 56, no. 1, pp. 175–181, Feb. 2010, doi: 10.1109/tce.2010.5439142.
[41] Okhonin, SU1374922A1, 1991.

[42] S. W. Hell and J. Wichmann, “Breaking the diffraction resolution limit by stimu

lated emission: Stimulatedemissiondepletion fluorescence microscopy,” Optics

Letters, vol. 19, no. 11, p. 780, Jun. 1994, doi: 10.1364/ol.19.000780.
[43] E. Betzig et al., “Imaging intracellular fluorescent proteins at nanometer resolu

tion,” Science, vol. 313, no. 5793, pp. 1642–1645, Sep. 2006, doi: 10.1126/sci

ence.1127344.
[44] R. N. Mahalati, R. Y. Gu, and J. M. Kahn, “Resolution limits for imaging through

multimode fiber,” Optics Express, vol. 21, no. 2, p. 1656, Jan. 2013, doi:

10.1364/oe.21.001656.
[45] M. Hughes, T. P. Chang, and G.Z. Yang, “Fiber bundle endocytoscopy,”

Biomedical Optics Express, vol. 4, no. 12, p. 2781, Nov. 2013, doi:

10.1364/boe.4.002781.
[46] N. Krstajić et al., “Twocolor widefield fluorescence microendoscopy enables

multiplexed molecular imaging in the alveolar space of human lung tissue,”

Journal of Biomedical Optics, vol. 21, no. 4, p. 1, Apr. 2016, doi:

10.1117/1.jbo.21.4.046009.
[47] N. Bozinovic, C. Ventalon, T. Ford, and J. Mertz, “Fluorescence endomicroscopy

with structured illumination,” Optics Express, vol. 16, no. 11, p. 8016, May 2008,

doi: 10.1364/oe.16.008016.

127

https://doi.org/10.1088/1367-2630/13/12/123021
https://doi.org/10.1088/1367-2630/13/12/123021
https://doi.org/10.1364/oe.19.018871
https://doi.org/10.1364/oe.25.011932
https://doi.org/10.1109/icton.2019.8840197
https://doi.org/10.1109/tce.2010.5439142
https://doi.org/10.1364/ol.19.000780
https://doi.org/10.1126/science.1127344
https://doi.org/10.1126/science.1127344
https://doi.org/10.1364/oe.21.001656
https://doi.org/10.1364/boe.4.002781
https://doi.org/10.1117/1.jbo.21.4.046009
https://doi.org/10.1364/oe.16.008016


[48] M. B. Wallace and P. Fockens, “Probebased confocal laser endomicroscopy,”

Gastroenterology, vol. 136, no. 5, pp. 1509–1513, May 2009, doi:

10.1053/j.gastro.2009.03.034.
[49] B. A. Flusberg, E. D. Cocker, W. Piyawattanametha, J. C. Jung, E. L. M. Cheung,

and M. J. Schnitzer, “Fiberoptic fluorescence imaging,” Nature Methods, vol. 2,

no. 12, pp. 941–950, Nov. 2005, doi: 10.1038/nmeth820.
[50] B. G. Saar, R. S. Johnston, C. W. Freudiger, X. S. Xie, and E. J. Seibel, “Coherent

raman scanning fiber endoscopy,” Optics Letters, vol. 36, no. 13, p. 2396, Jun.

2011, doi: 10.1364/ol.36.002396.
[51] A. Lombardini et al., “Highresolution multimodal flexible coherent raman en

doscope,” Light: Science & Applications, vol. 7, no. 1, May 2018, doi:

10.1038/s4137701800033.
[52] M. T. Myaing, D. J. MacDonald, and X. Li, “Fiberoptic scanning twophoton

fluorescence endoscope,” Optics Letters, vol. 31, no. 8, p. 1076, Apr. 2006, doi:

10.1364/ol.31.001076.
[53] D. R. Rivera, D. Kobat, and C. Xu, “Miniaturized fiber raster scanner for en

doscopy,” in Optical biopsy IX, Feb. 2011, doi: 10.1117/12.874176.
[54] J. Lissajous, Mémoire sur l’étude optique des mouvements vibratoires. Mallet

Bachelier, 1857.
[55] Y. Choi et al., “Scannerfree and widefield endoscopic imaging by using a single

multimode optical fiber,” Physical Review Letters, vol. 109, no. 20, Nov. 2012,

doi: 10.1103/physrevlett.109.203901.
[56] K. J. Boucher, C. Jan, J. M. Kahn, J. P. Wilde, and O. Solgaard, “Spot

formation and scanning microscopy via multimode fibers,” Oct. 2011, doi:

10.1109/pho.2011.6110749.
[57] R. D. Leonardo and S. Bianchi, “Hologram transmission through multimode

optical fibers,” Optics Express, vol. 19, no. 1, p. 247, Dec. 2010, doi:

10.1364/oe.19.000247.
[58] R. Y. Gu, R. N. Mahalati, and J. M. Kahn, “Design of flexible multimode

fiber endoscope,” Optics Express, vol. 23, no. 21, p. 26905, Oct. 2015, doi:

10.1364/oe.23.026905.
[59] M. Plöschner, T. Tyc, and T. Čižmár, “Seeing through chaos in multimode fibres,”

Nature Photonics, vol. 9, no. 8, pp. 529–535, Jul. 2015, doi: 10.1038/npho

ton.2015.112.

128

https://doi.org/10.1053/j.gastro.2009.03.034
https://doi.org/10.1038/nmeth820
https://doi.org/10.1364/ol.36.002396
https://doi.org/10.1038/s41377-018-0003-3
https://doi.org/10.1364/ol.31.001076
https://doi.org/10.1117/12.874176
https://doi.org/10.1103/physrevlett.109.203901
https://doi.org/10.1109/pho.2011.6110749
https://doi.org/10.1364/oe.19.000247
https://doi.org/10.1364/oe.23.026905
https://doi.org/10.1038/nphoton.2015.112
https://doi.org/10.1038/nphoton.2015.112


[60] N. Borhani, E. Kakkava, C. Moser, and D. Psaltis, “Learning to see through mul

timode fibers,” Optica, vol. 5, no. 8, p. 960, Aug. 2018, doi: 10.1364/op

tica.5.000960.
[62] P. Caramazza, O. Moran, R. MurraySmith, and D. Faccio, “Transmission of nat

ural scene images through a multimode fibre,” Nature Communications, vol. 10,

no. 1, May 2019, doi: 10.1038/s41467019100578.
[62] P. Caramazza, O. Moran, R. MurraySmith, and D. Faccio, “Transmission of nat

ural scene images through a multimode fibre,” Nature Communications, vol. 10,

no. 1, May 2019, doi: 10.1038/s41467019100578.

[63] D. E. Boonzajer Flaes, J. Stopka, S. Turtaev, J. F. de Boer, T. Tyc, and T. Čižmár,

“Robustness of lighttransport processes to bending deformations in gradedindex

multimode waveguides,” Physical Review Letters, vol. 120, no. 23, Jun. 2018,

doi: 10.1103/physrevlett.120.233901.
[64] T. A. Birks, I. GrisSánchez, S. Yerolatsitis, S. G. LeonSaval, and R. R. Thomson,

“The photonic lantern,” Advances in Optics and Photonics, vol. 7, no. 2, p. 107,

Apr. 2015, doi: 10.1364/aop.7.000107.
[65] S. G. LeonSaval, T. A. Birks, J. BlandHawthorn, and M. Englund, “Multimode

fiber devices with singlemode performance,” Optics Letters, vol. 30, no. 19, p.

2545, Oct. 2005, doi: 10.1364/ol.30.002545.
[66] D. Noordegraaf, P. M. Skovgaard, M. D. Nielsen, and J. BlandHawthorn, “Effi

cient multimode to singlemode coupling in a photonic lantern,” Optics Express,

vol. 17, no. 3, p. 1988, Jan. 2009, doi: 10.1364/oe.17.001988.
[67] R. R. Thomson, T. A. Birks, S. G. LeonSaval, A. K. Kar, and J. BlandHawthorn,

“Ultrafast laser inscription of an integrated photonic lantern,” Optics Express, vol.

19, no. 6, p. 5698, Mar. 2011, doi: 10.1364/oe.19.005698.
[68] J. Steinbeck, The pearl. The Viking Press, 1947.

[69] W. J. M. Rankine, A manual of the steam engine and other prime movers. London,

Glasgow: R. Griffin, 1859.
[70] T. A. Birks, S. Yerolatsitis, and K. Harrington, “Adiabatic mode multiplexers,”

2017, doi: 10.1364/ofc.2017.tu3j.4.
[71] S. Yerolatsitis, I. GrisSánchez, and T. A. Birks, “Adiabaticallytapered fiber

mode multiplexers,” Optics Express, vol. 22, no. 1, p. 608, Jan. 2014, doi:

10.1364/oe.22.000608.

129

https://doi.org/10.1364/optica.5.000960
https://doi.org/10.1364/optica.5.000960
https://doi.org/10.1038/s41467-019-10057-8
https://doi.org/10.1038/s41467-019-10057-8
https://doi.org/10.1103/physrevlett.120.233901
https://doi.org/10.1364/aop.7.000107
https://doi.org/10.1364/ol.30.002545
https://doi.org/10.1364/oe.17.001988
https://doi.org/10.1364/oe.19.005698
https://doi.org/10.1364/ofc.2017.tu3j.4
https://doi.org/10.1364/oe.22.000608


[72] R. J. Black, S. Lacroix, F. Gonthier, and J. D. Love, “Tapered singlemode fibres

and devices. Part 2: Experimental and theoretical quantification,” IEE Proceed

ings J Optoelectronics, vol. 138, no. 5, p. 355, 1991, doi: 10.1049/ipj.1991.0061.
[73] D. W. Peckham, Y. Sun, A. McCurdy, and R. Lingle, “Fewmode fiber technology

for spatial multiplexing,” in Optical fiber telecommunications, Elsevier, 2013, pp.

283–319.
[74] D. Noordegraaf, P. M. W. Skovgaard, M. D. Maack, J. BlandHawthorn, R.

Haynes, and J. Lægsgaard, “Multimode to singlemode conversion in a 61 port

photonic lantern,” Optics Express, vol. 18, no. 5, p. 4673, Feb. 2010, doi:

10.1364/oe.18.004673.
[75] T. A. Birks, B. J. Mangan, A. Dı́ez, J. L. Cruz, and D. F. Murphy, ““photonic

lantern” spectral filters in multicore fibre,” Optics Express, vol. 20, no. 13, p.

13996, Jun. 2012, doi: 10.1364/oe.20.013996.
[76] R. R. Thomson, A. K. Kar, and J. AllingtonSmith, “Ultrafast laser inscription: An

enabling technology for astrophotonics,” Optics Express, vol. 17, no. 3, p. 1963,

Jan. 2009, doi: 10.1364/oe.17.001963.
[77] C. R. Crawford and K. F. King, “Computed tomography scanning with simultane

ous patient translation,”Medical Physics, vol. 17, no. 6, pp. 967–982, Nov. 1990,

doi: 10.1118/1.596464.
[78] Q. Huang and Z. Zeng, “A review on realtime 3D ultrasound imaging tech

nology,” BioMed Research International, vol. 2017, pp. 1–20, 2017, doi:

10.1155/2017/6027029.
[79] E. M. Eksioglu, “Decoupled algorithm for MRI reconstruction using nonlocal

block matching model: BM3DMRI,” Journal of Mathematical Imaging and Vi

sion, vol. 56, no. 3, pp. 430–440, Mar. 2016, doi: 10.1007/s1085101606477.
[80] R. A. Crowther, D. J. DeRosier, and A. Klug, “The reconstruction of a three

dimensional structure from projections and its application to electron microscopy,”

Proceedings of the Royal Society of London. A. Mathematical and Physical Sci

ences, vol. 317, no. 1530, pp. 319–340, Jun. 1970, doi: 10.1098/rspa.1970.0119.
[81] D. Zhang, S. Neu, and D. J. Valentino, “Automated selection of computed tomogra

phy display parameters using neural networks,” inMedical imaging 2001: Image

processing, Jul. 2001, doi: 10.1117/12.431084.
[82] G. Gariepy, F. Tonolini, R. Henderson, J. Leach, and D. Faccio, “Detection and

tracking of moving objects hidden from view,” Nature Photonics, vol. 10, no. 1,

pp. 23–26, Dec. 2015, doi: 10.1038/nphoton.2015.234.

130

https://doi.org/10.1049/ip-j.1991.0061
https://doi.org/10.1364/oe.18.004673
https://doi.org/10.1364/oe.20.013996
https://doi.org/10.1364/oe.17.001963
https://doi.org/10.1118/1.596464
https://doi.org/10.1155/2017/6027029
https://doi.org/10.1007/s10851-016-0647-7
https://doi.org/10.1098/rspa.1970.0119
https://doi.org/10.1117/12.431084
https://doi.org/10.1038/nphoton.2015.234


[83] M. P. Edgar, G. M. Gibson, and M. J. Padgett, “Principles and prospects for single

pixel imaging,” Nature Photonics, vol. 13, no. 1, pp. 13–20, Dec. 2018, doi:

10.1038/s4156601803007.
[84] Matthew. P. Edgar et al., “Simultaneous realtime visible and infrared video

with singlepixel detectors,” Scientific Reports, vol. 5, no. 1, May 2015, doi:

10.1038/srep10669.
[85] J. Zhang, Q. Wang, J. Dai, and W. Cai, “Demonstration of a costeffective single

pixel UV camera for flame chemiluminescence imaging,” Applied Optics, vol. 58,

no. 19, p. 5248, Jun. 2019, doi: 10.1364/ao.58.005248.
[86] M. F. Duarte et al., “Singlepixel imaging via compressive sampling,” IEEE

Signal Processing Magazine, vol. 25, no. 2, pp. 83–91, Mar. 2008, doi:

10.1109/msp.2007.914730.
[87] D. L. Donoho, “Compressed sensing,” IEEE Transactions on Information Theory,

vol. 52, no. 4, pp. 1289–1306, Apr. 2006, doi: 10.1109/tit.2006.871582.
[88] G. Satat, M. Tancik, and R. Raskar, “Lensless imaging with compressive ultrafast

sensing,” IEEE Transactions on Computational Imaging, vol. 3, no. 3, pp. 398–

407, Sep. 2017, doi: 10.1109/tci.2017.2684624.
[89] P. Sen et al., “Dual photography,” 2005, doi: 10.1145/1186822.1073257.

[90] J. H. Shapiro, “Computational ghost imaging,” Physical Review A, vol. 78, no. 6,

Dec. 2008, doi: 10.1103/physreva.78.061802.
[91] Y. Bromberg, O. Katz, and Y. Silberberg, “Ghost imaging with a single detector,”

Physical Review A, vol. 79, no. 5, May 2009, doi: 10.1103/physreva.79.053840.
[92] T. B. Pittman, Y. H. Shih, D. V. Strekalov, and A. V. Sergienko, “Optical imaging

by means of twophoton quantum entanglement,” Physical Review A, vol. 52, no.

5, pp. R3429–R3432, Nov. 1995, doi: 10.1103/physreva.52.r3429.
[93] J. H. Shapiro and R. W. Boyd, “The physics of ghost imaging,” Quantum Infor

mation Processing, vol. 11, no. 4, pp. 949–993, Jan. 2012, doi: 10.1007/s11128

01103565.
[94] B. Sun et al., “3D computational imaging with singlepixel detectors,” Science,

vol. 340, no. 6134, pp. 844–847, May 2013, doi: 10.1126/science.1234454.
[95] S. S. Welsh, M. P. Edgar, R. Bowman, P. Jonathan, B. Sun, andM. J. Padgett, “Fast

fullcolor computational imaging with singlepixel detectors,”Optics Express, vol.

21, no. 20, p. 23068, Sep. 2013, doi: 10.1364/oe.21.023068.

131

https://doi.org/10.1038/s41566-018-0300-7
https://doi.org/10.1038/srep10669
https://doi.org/10.1364/ao.58.005248
https://doi.org/10.1109/msp.2007.914730
https://doi.org/10.1109/tit.2006.871582
https://doi.org/10.1109/tci.2017.2684624
https://doi.org/10.1145/1186822.1073257
https://doi.org/10.1103/physreva.78.061802
https://doi.org/10.1103/physreva.79.053840
https://doi.org/10.1103/physreva.52.r3429
https://doi.org/10.1007/s11128-011-0356-5
https://doi.org/10.1007/s11128-011-0356-5
https://doi.org/10.1126/science.1234454
https://doi.org/10.1364/oe.21.023068


[96] G. S. D. Gordon, J. Joseph, S. E. Bohndiek, and T. D. Wilkinson, “Singlepixel

phasecorrected fiber bundle endomicroscopy with lensless focussing capability,”

Journal of Lightwave Technology, vol. 33, no. 16, pp. 3419–3425, Aug. 2015,

doi: 10.1109/jlt.2015.2436816.

[97] T. Čižmár and K. Dholakia, “Exploiting multimode waveguides for pure fibre

based imaging,” Nature Communications, vol. 3, no. 1, Jan. 2012, doi:

10.1038/ncomms2024.
[98] I. N. Papadopoulos, S. Farahi, C. Moser, and D. Psaltis, “Highresolution, lensless

endoscope based on digital scanning through a multimode optical fiber,” Biomed

ical Optics Express, vol. 4, no. 2, p. 260, Jan. 2013, doi: 10.1364/boe.4.000260.
[99] J. Shin, B. T. Bosworth, andM. A. Foster, “Singlepixel imaging using compressed

sensing and wavelengthdependent scattering,” Optics Letters, vol. 41, no. 5, p.

886, Feb. 2016, doi: 10.1364/ol.41.000886.
[100] D. Yelin et al., “Threedimensional miniature endoscopy,” Nature, vol. 443, no.

7113, pp. 765–765, Oct. 2006, doi: 10.1038/443765a.
[101] F. Ferri, D. Magatti, L. A. Lugiato, and A. Gatti, “Differential ghost imaging,”

Physical Review Letters, vol. 104, no. 25, Jun. 2010, doi: 10.1103/phys

revlett.104.253603.
[102] B. Sun, S. S. Welsh, M. P. Edgar, J. H. Shapiro, and M. J. Padgett, “Normal

ized ghost imaging,” Optics Express, vol. 20, no. 15, p. 16892, Jul. 2012, doi:

10.1364/oe.20.016892.
[103] G. Hudson, A. Léger, B. Niss, I. Sebestyén, and J. Vaaben, “JPEG1 standard 25

years: Past, present, and future reasons for a success,” Journal of Electronic Imag

ing, vol. 27, no. 4, p. 1, Aug. 2018, doi: 10.1117/1.jei.27.4.040901.
[104] J. M. Shapiro, “Embedded image coding using zerotrees of wavelet coefficients,”

IEEE Transactions on Signal Processing, vol. 41, no. 12, pp. 3445–3462, 1993,

doi: 10.1109/78.258085.
[105] S. Seth, A. Akram, K. Dhaliwal, and C. Williams, “Estimating bacterial and cellu

lar load in FCFM imaging,” Journal of Imaging, vol. 4, no. 1, p. 11, Jan. 2018,

doi: 10.3390/jimaging4010011.
[106] M. A. Davenport et al., “The smashed filter for compressive classification and tar

get recognition,” inComputational imaging v, Feb. 2007, doi: 10.1117/12.714460.
[107] J. Hadamard, “Sur les problèmes aux dérivées partielles et leur signification

physique,” Princeton University Bulletin, vol. 13, pp. 49–52, 1902.

132

https://doi.org/10.1109/jlt.2015.2436816
https://doi.org/10.1038/ncomms2024
https://doi.org/10.1364/boe.4.000260
https://doi.org/10.1364/ol.41.000886
https://doi.org/10.1038/443765a
https://doi.org/10.1103/physrevlett.104.253603
https://doi.org/10.1103/physrevlett.104.253603
https://doi.org/10.1364/oe.20.016892
https://doi.org/10.1117/1.jei.27.4.040901
https://doi.org/10.1109/78.258085
https://doi.org/10.3390/jimaging4010011
https://doi.org/10.1117/12.714460


[108] E. J. Candès, M. B. Wakin, and S. P. Boyd, “Enhancing sparsity by reweighted ℓ
1 minimization,” Journal of Fourier Analysis and Applications, vol. 14, no. 5–6,

pp. 877–905, Oct. 2008, doi: 10.1007/s000410089045x.
[109] J. A. Högbom, “Aperture synthesis with a nonregular distribution of interferome

ter baselines,” Astronomy and Astrophysics Supplement, vol. 15, p. 417, Jun. 1974,

[Online]. Available: https://ui.adsabs.harvard.edu/abs/1974A&AS...15..417H.
[110] K. A. Marsh and J. M. Richardson, “The objective function implicit in the CLEAN

algorithm,” vol. 182, no. 1, pp. 174–178, Aug. 1987, [Online]. Available: https:

//ui.adsabs.harvard.edu/abs/1987A&A...182..174M.
[111] R. E. Carrillo, J. D. McEwen, and Y. Wiaux, “Sparsity averaging reweighted anal

ysis (SARA): A novel algorithm for radiointerferometric imaging,” Monthly No

tices of the Royal Astronomical Society, vol. 426, no. 2, pp. 1223–1234, Oct.

2012, doi: 10.1111/j.13652966.2012.21605.x.
[112] H. K. Chandrasekharan et al., “Multiplexed singlemode wavelengthtotime map

ping of multimode light,” Nature Communications, vol. 8, no. 1, Jan. 2017, doi:

10.1038/ncomms14080.
[113] D. Choudhury et al., “Computational optical imaging with a photonic lantern,”

Nature Communications, vol. 11, no. 1, Oct. 2020, doi: 10.1038/s41467020

188186.
[114] S. Resisi, S. M. Popoff, and Y. Bromberg, “Image transmission through a flexible

multimode fiber by deep learning,” Nov. 2020, [Online]. Available: http://arxiv.

org/abs/arXiv:2011.05144v1.
[115] E. Catton, The luminaries. Granta Books, 2013.

[116] D. A. B. Miller, “Analyzing and generating multimode optical fields using self

configuring networks,” Optica, vol. 7, no. 7, p. 794, Jul. 2020, doi: 10.1364/OP

TICA.391592.
[117] J.A. Conchello and J. W. Lichtman, “Optical sectioning microscopy,” Nature

Methods, vol. 2, no. 12, pp. 920–931, Nov. 2005, doi: 10.1038/nmeth815.
[118] K. M. Davis, K. Miura, N. Sugimoto, and K. Hirao, “Writing waveguides in glass

with a femtosecond laser,” Optics Letters, vol. 21, no. 21, p. 1729, Nov. 1996,

doi: 10.1364/ol.21.001729.
[119] E. N. Glezer et al., “Threedimensional optical storage inside transparent ma

terials,” Optics Letters, vol. 21, no. 24, p. 2023, Dec. 1996, doi:

10.1364/ol.21.002023.

133

https://doi.org/10.1007/s00041-008-9045-x
https://ui.adsabs.harvard.edu/abs/1974A&AS...15..417H
https://ui.adsabs.harvard.edu/abs/1987A&A...182..174M
https://ui.adsabs.harvard.edu/abs/1987A&A...182..174M
https://doi.org/10.1111/j.1365-2966.2012.21605.x
https://doi.org/10.1038/ncomms14080
https://doi.org/10.1038/s41467-020-18818-6
https://doi.org/10.1038/s41467-020-18818-6
http://arxiv.org/abs/arXiv:2011.05144v1
http://arxiv.org/abs/arXiv:2011.05144v1
https://doi.org/10.1364/OPTICA.391592
https://doi.org/10.1364/OPTICA.391592
https://doi.org/10.1038/nmeth815
https://doi.org/10.1364/ol.21.001729
https://doi.org/10.1364/ol.21.002023


[120] Y. Bellouard, T. Colomb, C. Depeursinge, M. Dugan, A. A. Said, and P. Bado,

“Nanoindentation and birefringence measurements on fused silica specimen ex

posed to lowenergy femtosecond pulses,” Optics Express, vol. 14, no. 18, p.

8360, 2006, doi: 10.1364/oe.14.008360.
[121] Y. Bellouard, E. Barthel, A. A. Said, M. Dugan, and P. Bado, “Scanning thermal

microscopy and raman analysis of bulk fused silica exposed to lowenergy fem

tosecond laser pulses,” Optics Express, vol. 16, no. 24, p. 19520, Nov. 2008, doi:

10.1364/oe.16.019520.
[122] S. Zhou, W. Lei, J. Chen, J. Hao, H. Zeng, and J. Qiu, “Laserinduced optical

property changes inside bidoped glass,” IEEE Photonics Technology Letters, vol.

21, no. 6, pp. 386–388, Mar. 2009, doi: 10.1109/lpt.2008.2011749.
[123] Y. Bellouard, A. Said, M. Dugan, and P. Bado, “Fabrication of highaspect

ratio, microfluidic channels and tunnels using femtosecond laser pulses and

chemical etching,” Optics Express, vol. 12, no. 10, p. 2120, 2004, doi:

10.1364/opex.12.002120.
[124] F. V. Bunkin and A. M. Prokhorov, “The excitation and ionization of atoms in a

strong radiation field,” Journal of Experimental and Theoretical Physics, vol. 19,

no. 3, p. 739, Aug. 1963.
[125] L. V. Keldysh, “Ionization in the field of a strong electromagnetic wave,” Journal

of Experimental and Theoretical Physics, vol. 20, no. 55, pp. 1307–1314, May

1965.
[126] J. W. Chan, T. Huser, S. Risbud, and D.M. Krol, “Structural changes in fused silica

after exposure to focused femtosecond laser pulses,” Optics Letters, vol. 26, no.

21, p. 1726, Nov. 2001, doi: 10.1364/ol.26.001726.
[127] A. Agarwal and M. Tomozawa, “Correlation of silica glass properties with the

infrared spectra,” Journal of NonCrystalline Solids, vol. 209, no. 1–2, pp. 166–

174, Jan. 1997, doi: 10.1016/s00223093(96)00542x.
[128] S. M. Eaton et al., “Transition from thermal diffusion to heat accumulation in high

repetition rate femtosecond laser writing of buried optical waveguides,” Optics

Express, vol. 16, no. 13, p. 9443, Jun. 2008, doi: 10.1364/oe.16.009443.
[129] R. Osellame et al., “Femtosecond writing of active optical waveguides with astig

matically shaped beams,” Journal of the Optical Society of America B, vol. 20, no.

7, p. 1559, Jul. 2003, doi: 10.1364/josab.20.001559.

134

https://doi.org/10.1364/oe.14.008360
https://doi.org/10.1364/oe.16.019520
https://doi.org/10.1109/lpt.2008.2011749
https://doi.org/10.1364/opex.12.002120
https://doi.org/10.1364/ol.26.001726
https://doi.org/10.1016/s0022-3093(96)00542-x
https://doi.org/10.1364/oe.16.009443
https://doi.org/10.1364/josab.20.001559


[130] M. Ams, G. D. Marshall, D. J. Spence, and M. J. Withford, “Slit beam shap

ing method for femtosecond laser directwrite fabrication of symmetric waveg

uides in bulk glasses,” Optics Express, vol. 13, no. 15, p. 5676, 2005, doi:

10.1364/opex.13.005676.
[131] R. R. Thomson et al., “Shaping ultrafast laser inscribed optical waveguides using

a deformable mirror,” Optics Express, vol. 16, no. 17, p. 12786, Aug. 2008, doi:

10.1364/oe.16.012786.
[132] Y. Nasu, M. Kohtoku, and Y. Hibino, “Lowloss waveguides written with a fem

tosecond laser for flexible interconnection in a planar lightwave circuit,” Optics

Letters, vol. 30, no. 7, p. 723, Apr. 2005, doi: 10.1364/ol.30.000723.
[133] C. Hnatovsky et al., “Fabrication of microchannels in glass using focused fem

tosecond laser radiation and selective chemical etching,” Applied Physics A, vol.

84, no. 1–2, pp. 47–61, Apr. 2006, doi: 10.1007/s0033900635904.
[134] W.J. Chen, S. M. Eaton, H. Zhang, and P. R. Herman, “Broadband directional cou

plers fabricated in bulk glass with high repetition rate femtosecond laser pulses,”

Optics Express, vol. 16, no. 15, p. 11470, Jul. 2008, doi: 10.1364/oe.16.011470.
[135] Y. Shimotsuma, P. G.Kazansky, J. Qiu, andK.Hirao, “Selforganized nanogratings

in glass irradiated by ultrashort light pulses,” Physical Review Letters, vol. 91, no.

24, p. 247405, Dec. 2003, doi: 10.1103/PhysRevLett.91.247405.
[136] R. R. Thomson et al., “Ultrafastlaser inscription of a three dimensional fanout

device for multicore fiber coupling applications,” Optics Express, vol. 15, no. 18,

p. 11691, 2007, doi: 10.1364/oe.15.011691.
[137] S. M. Eaton et al., “Spectral loss characterization of femtosecond laser written

waveguides in glass with application to demultiplexing of 1300 and 1550 nmwave

lengths,” Journal of Lightwave Technology, vol. 27, no. 9, pp. 1079–1085, May

2009, doi: 10.1109/jlt.2008.2005117.
[138] G. D. Marshall, M. Ams, and M. J. Withford, “Direct laser written waveguide

bragg gratings in bulk fused silica,” Optics Letters, vol. 31, no. 18, p. 2690, Aug.

2006, doi: 10.1364/ol.31.002690.
[139] L. A. Siiman, J. Lumeau, and L. B. Glebov, “Phase fresnel lens recorded in photo

thermorefractive glass by selective exposure to infrared ultrashort laser pulses,”

Optics Letters, vol. 34, no. 1, p. 40, Dec. 2008, doi: 10.1364/ol.34.000040.
[140] P. Chen, X. Shu, and K. Sugden, “Ultracompact allinfibercore machzehnder

interferometer,” Optics Letters, vol. 42, no. 20, p. 4059, Oct. 2017, doi:

10.1364/ol.42.004059.

135

https://doi.org/10.1364/opex.13.005676
https://doi.org/10.1364/oe.16.012786
https://doi.org/10.1364/ol.30.000723
https://doi.org/10.1007/s00339-006-3590-4
https://doi.org/10.1364/oe.16.011470
https://doi.org/10.1103/PhysRevLett.91.247405
https://doi.org/10.1364/oe.15.011691
https://doi.org/10.1109/jlt.2008.2005117
https://doi.org/10.1364/ol.31.002690
https://doi.org/10.1364/ol.34.000040
https://doi.org/10.1364/ol.42.004059


[141] G. D. Marshall, P. Dekker, M. Ams, J. A. Piper, and M. J. Withford, “Di

rectly written monolithic waveguide laser incorporating a distributed feedback

waveguidebragg grating,” Optics Letters, vol. 33, no. 9, p. 956, Apr. 2008,

doi: 10.1364/ol.33.000956.
[142] J. Gao et al., “Nonclassical photon correlation in a twodimensional photonic

lattice,” Optics Express, vol. 24, no. 12, p. 12607, Jun. 2016, doi:

10.1364/oe.24.012607.
[143] Y. Wang et al., “Topological protection of twophoton quantum correlation on

a photonic chip,” Optica, vol. 6, no. 8, p. 955, Jul. 2019, doi: 10.1364/op

tica.6.000955.
[144] N. Cvetojevic, J. S. Lawrence, S. C. Ellis, J. BlandHawthorn, R. Haynes, and

A. Horton, “Characterization and onsky demonstration of an integrated photonic

spectrograph for astronomy,”Optics Express, vol. 17, no. 21, p. 18643, Oct. 2009,

doi: 10.1364/oe.17.018643.
[145] A. Arriola, S. Mukherjee, D. Choudhury, L. Labadie, and R. R. Thomson, “Ul

trafast laser inscription of midIR directional couplers for stellar interferometry,”

Optics Letters, vol. 39, no. 16, p. 4820, Aug. 2014, doi: 10.1364/ol.39.004820.
[146] N. B. Hébert et al., “Selfcorrected chipbased dualcomb spectrometer,” Optics

Express, vol. 25, no. 7, p. 8168, Mar. 2017, doi: 10.1364/oe.25.008168.
[147] D. Choudhury, W. T. Ramsay, R. Kiss, N. A. Willoughby, L. Paterson, and A. K.

Kar, “A 3D mammalian cell separator biochip,” Lab on a Chip, vol. 12, no. 5, p.

948, 2012, doi: 10.1039/c2lc20939j.
[148] K. Sugioka et al., “Femtosecond laser 3Dmicromachining: A powerful tool for the

fabrication of microfluidic, optofluidic, and electrofluidic devices based on glass,”

Lab Chip, vol. 14, no. 18, pp. 3447–3458, 2014, doi: 10.1039/c4lc00548a.
[149] Y. Bellouard, “On the bending strength of fused silica flexures fabricated by ultra

fast lasers [invited],” Optical Materials Express, vol. 1, no. 5, p. 816, Aug. 2011,

doi: 10.1364/ome.1.000816.
[150] Nazir and Bellouard, “A monolithic gimbal micromirror fabricated and remotely

tuned with a femtosecond laser,” Micromachines, vol. 10, no. 9, p. 611, Sep.

2019, doi: 10.3390/mi10090611.
[151] G. A. GandaraMontano, A. Ivansky, D. E. Savage, J. D. Ellis, and W. H. Knox,

“Femtosecond laser writing of freeform gradient index microlenses in hydrogel

based contact lenses,” Optical Materials Express, vol. 5, no. 10, p. 2257, Sep.

2015, doi: 10.1364/ome.5.002257.

136

https://doi.org/10.1364/ol.33.000956
https://doi.org/10.1364/oe.24.012607
https://doi.org/10.1364/optica.6.000955
https://doi.org/10.1364/optica.6.000955
https://doi.org/10.1364/oe.17.018643
https://doi.org/10.1364/ol.39.004820
https://doi.org/10.1364/oe.25.008168
https://doi.org/10.1039/c2lc20939j
https://doi.org/10.1039/c4lc00548a
https://doi.org/10.1364/ome.1.000816
https://doi.org/10.3390/mi10090611
https://doi.org/10.1364/ome.5.002257


[152] Y. Li, Y. Dou, R. An, H. Yang, and Q. Gong, “Permanent computergenerated

holograms embedded in silica glass by femtosecond laser pulses,” Optics Express,

vol. 13, no. 7, p. 2433, 2005, doi: 10.1364/opex.13.002433.
[153] A. Takita, H. Yamamoto, Y. Hayasaki, N. Nishida, and H. Misawa, “Three

dimensional optical memory using a human fingernail,” Optics Express, vol. 13,

no. 12, p. 4560, 2005, doi: 10.1364/opex.13.004560.
[154] C. Mauclair, A. MermillodBlondin, N. Huot, E. Audouard, and R. Stoian, “Ul

trafast laser writing of homogeneous longitudinal waveguides in glasses using dy

namic wavefront correction,” Optics Express, vol. 16, no. 8, p. 5481, Apr. 2008,

doi: 10.1364/oe.16.005481.
[155] J. Montoya, C. Hwang, D.Martz, C. Aleshire, T. Y. Fan, and D. J. Ripin, “Photonic

lantern kWclass fiber amplifier,” Optics Express, vol. 25, no. 22, p. 27543, Oct.

2017, doi: 10.1364/OE.25.027543.
[156] J. K. Rowling, Harry potter and the prisoner of azkaban. Bloomsbury, 1999.

[157] A. P. Mosk, A. Lagendijk, G. Lerosey, and M. Fink, “Controlling waves in space

and time for imaging and focusing in complex media,” Nature Photonics, vol. 6,

no. 5, pp. 283–292, May 2012, doi: 10.1038/nphoton.2012.88.

[158] M. Plöschner and T. Čižmár, “Compact multimode fiber beamshaping system

based on GPU accelerated digital holography,” Optics Letters, vol. 40, no. 2, p.

197, Jan. 2015, doi: 10.1364/ol.40.000197.
[159] L. V. Amitonova and J. F. de Boer, “Endomicroscopy beyond the abbe and

nyquist limits,” Light: Science & Applications, vol. 9, no. 1, May 2020, doi:

10.1038/s413770200308x.
[160] S. Wise et al., “Phase effects in the diffraction of light: Beyond the grating equa

tion,” Physical Review Letters, vol. 95, no. 1, p. 013901, Jun. 2005, doi:

10.1103/physrevlett.95.013901.
[161] S. LP, D. K. McNicholl, G. Whyte, T. A. Birks, R. R. Thomson, and D. B. Phillips,

“Coherent control of light through laser written photonic lanterns,” 2020, doi:

10.1364/cleo_si.2020.sm1l.4.
[162] J. H. Bruning, D. R. Herriott, J. E. Gallagher, D. P. Rosenfeld, A. D. White, and

D. J. Brangaccio, “Digital wavefront measuring interferometer for testing optical

surfaces and lenses,” Applied Optics, vol. 13, no. 11, p. 2693, Nov. 1974, doi:

10.1364/ao.13.002693.

137

https://doi.org/10.1364/opex.13.002433
https://doi.org/10.1364/opex.13.004560
https://doi.org/10.1364/oe.16.005481
https://doi.org/10.1364/OE.25.027543
https://doi.org/10.1038/nphoton.2012.88
https://doi.org/10.1364/ol.40.000197
https://doi.org/10.1038/s41377-020-0308-x
https://doi.org/10.1103/physrevlett.95.013901
https://doi.org/10.1364/cleo_si.2020.sm1l.4
https://doi.org/10.1364/ao.13.002693


[163] J. Xu, H. Ruan, Y. Liu, H. Zhou, and C. Yang, “Focusing light through scatter

ing media by transmission matrix inversion,” Optics Express, vol. 25, no. 22, p.

27234, Oct. 2017, doi: 10.1364/oe.25.027234.

[164] K. J. Mitchell, S. Turtaev, M. J. Padgett, T. Čižmár, and D. B. Phillips, “High

speed spatial control of the intensity, phase and polarisation of vector beams using

a digital micromirror device,” Optics Express, vol. 24, no. 25, p. 29269, Dec.

2016, doi: 10.1364/oe.24.029269.
[165] I. N. Papadopoulos, S. Farahi, C. Moser, and D. Psaltis, “Focusing and scanning

light through a multimode optical fiber using digital phase conjugation,” Optics

Express, vol. 20, no. 10, p. 10583, Apr. 2012, doi: 10.1364/OE.20.010583.
[166] D. B. Phillips et al., “Adaptive foveated singlepixel imaging with dynamic su

persampling,” Science Advances, vol. 3, no. 4, p. e1601782, Apr. 2017, doi:

10.1126/sciadv.1601782.
[167] F. Scott Fitzgerald, The great gatsby. Charles Scribner’s Sons, 1925.

[168] X. Yan et al., “Design of the microlens arrays coupling with imaging fiber bun

dle,” Optoelectronics Letters, vol. 9, no. 3, pp. 169–172, May 2013, doi:

10.1007/s1180101330164.
[169] M. Bysiek, A. Drozd, and S. Matsuoka, “Migrating legacy fortran to python while

retaining fortranlevel performance through transpilation and type hints,” Nov.

2016, doi: 10.1109/PyHPC.2016.006.
[170] B. Kingsolver, The bean trees. Harper & Row, 1988.

[171] R. D. Holt, “Why science? Why AAAS?” Science, vol. 347, no. 6224, pp. 807–

807, Feb. 2015, doi: 10.1126/science.aaa9126.
[172] K. Burchell, C. Sheppard, and J. Chambers, “A work in progress?: UK re

searchers and participation in public engagement,” Research for All, Jan. 2017,

doi: 10.18546/rfa.01.1.16.
[173] S. Cerrato, V. Daelli, H. Pertot, and O. Puccioni, “The publicengaged scien

tists: Motivations, enablers and barriers,” Research for All, Jul. 2018, doi:

10.18546/rfa.02.2.09.
[174] K. Staley, “Changing what researchers think and do: Is this how involvement im

pacts on research?” Research for All, Jan. 2017, doi: 10.18546/rfa.01.1.13.
[175] E. Jensen and N. Buckley, “Why people attend science festivals: Interests, mo

tivations and selfreported benefits of public engagement with research,” Pub

lic Understanding of Science, vol. 23, no. 5, pp. 557–573, Oct. 2012, doi:

10.1177/0963662512458624.

138

https://doi.org/10.1364/oe.25.027234
https://doi.org/10.1364/oe.24.029269
https://doi.org/10.1364/OE.20.010583
https://doi.org/10.1126/sciadv.1601782
https://doi.org/10.1007/s11801-013-3016-4
https://doi.org/10.1109/PyHPC.2016.006
https://doi.org/10.1126/science.aaa9126
https://doi.org/10.18546/rfa.01.1.16
https://doi.org/10.18546/rfa.02.2.09
https://doi.org/10.18546/rfa.01.1.13
https://doi.org/10.1177/0963662512458624


[176] H. Stadler, R. Duit, and G. Benke, “Do boys and girls understand physics dif

ferently?” Physics Education, vol. 35, no. 6, pp. 417–422, Nov. 2000, doi:

10.1088/00319120/35/6/307.
[177] P. R. Hernandez et al., “Connecting the STEMdots: Measuring the effect of an inte

grated engineering design intervention,” International Journal of Technology and

Design Education, vol. 24, no. 1, pp. 107–120, Apr. 2013, doi: 10.1007/s10798

01392410.
[178] STEM Learning, “STEM skills indicator.” 2018, [Online]. Available: https://

www.stem.org.uk/sites/default/files/pages/downloads/stemskillsindicator

findings.pdf.
[179] D. Boyle and M. Harris, “The challenge of coproduction.” Dec. 2009, [Online].

Available: https://neweconomics.org/2009/12/challengecoproduction.
[180] W. H. Voorberg, V. J. J. M. Bekkers, and L. G. Tummers, “A systematic review

of cocreation and coproduction: Embarking on the social innovation journey,”

Public Management Review, vol. 17, no. 9, pp. 1333–1357, Jun. 2014, doi:

10.1080/14719037.2014.930505.
[181] C. Brookfield and S. G. Parker, “Improving the quantitative research skills of

welsh baccalaureate teachers through university engagement,” Research for All,

Feb. 2020, doi: 10.18546/rfa.04.1.08.
[182] S. J. Hathcock, J. K. Garner, and A. Kaplan, “Examining microchange within and

among science teachers identities: A multiple case study,” Science Education, vol.

104, no. 5, pp. 827–856, Jun. 2020, doi: 10.1002/sce.21577.
[183] J. Spurrell and M. Grace, “A collaborative approach to schools engagement train

ing for university staff,” Research for All, Feb. 2020, doi: 10.18546/rfa.04.1.09.
[184] S. Campbell et al., “Involving young people through coproduction and widening

participation approaches: Reflections from schoolbased engagement,” Research

for All, Feb. 2019, doi: 10.18546/rfa.03.1.05.
[185] N. Krstajić, B.Mills, I. Murray, andA.Marshall, “Lowcost high sensitivity pulsed

endomicroscopy to visualize tricolor optical signatures,” Journal of Biomedical

Optics, vol. 23, no. 7, p. 1, Jul. 2018, doi: 10.1117/1.jbo.23.7.076005.
[186] V. Bussiere et al., “Highthroughput triggered merging of surfactantstabilized

droplet pairs using traveling surface acoustic waves,” Analytical Chemistry, vol.

91, no. 21, pp. 13978–13985, Oct. 2019, doi: 10.1021/acs.analchem.9b03521.

139

https://doi.org/10.1088/0031-9120/35/6/307
https://doi.org/10.1007/s10798-013-9241-0
https://doi.org/10.1007/s10798-013-9241-0
https://www.stem.org.uk/sites/default/files/pages/downloads/stem-skills-indicator-findings.pdf
https://www.stem.org.uk/sites/default/files/pages/downloads/stem-skills-indicator-findings.pdf
https://www.stem.org.uk/sites/default/files/pages/downloads/stem-skills-indicator-findings.pdf
https://neweconomics.org/2009/12/challenge-co-production
https://doi.org/10.1080/14719037.2014.930505
https://doi.org/10.18546/rfa.04.1.08
https://doi.org/10.1002/sce.21577
https://doi.org/10.18546/rfa.04.1.09
https://doi.org/10.18546/rfa.03.1.05
https://doi.org/10.1117/1.jbo.23.7.076005
https://doi.org/10.1021/acs.analchem.9b03521


[187] A. Echazarra and T. Radinger, “Learning in rural schools: Insights from PISA,

TALIS, and the literature,” OECDWorking Paper, no. 196, 2019, [Online]. Avail

able: http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=

EDU/WKP(2019)4&docLanguage=En.
[188] K. Ehrlich et al., “Demonstrating the use of optical fibres in biomedical sensing:

A collaborative approach for engagement and education,” Sensors, vol. 20, no. 2,

p. 402, Jan. 2020, doi: 10.3390/s20020402.
[189] B. McHugh et al., “Invadolysin,” Journal of Cell Biology, vol. 167, no. 4, pp.

673–686, Nov. 2004, doi: 10.1083/jcb.200405155.
[190] J. Savill, I. Dransfield, C. Gregory, and C. Haslett, “A blast from the past: Clear

ance of apoptotic cells regulates immune responses,” Nature Reviews Immunology,

vol. 2, no. 12, pp. 965–975, Dec. 2002, doi: 10.1038/nri957.
[191] H. J. McSorley and R. M. Maizels, “Helminth infections and host immune regu

lation,” Clinical Microbiology Reviews, vol. 25, no. 4, pp. 585–608, Oct. 2012,

doi: 10.1128/cmr.0504011.
[192] W. J. Bremner, M. R. Millar, R. M. Sharpe, and P. T. Saunders, “Immunohisto

chemical localization of androgen receptors in the rat testis: Evidence for stage

dependent expression and regulation by androgens.” Endocrinology, vol. 135, no.

3, pp. 1227–1234, Sep. 1994, doi: 10.1210/endo.135.3.8070367.
[193] I. K. H. Poon, C. D. Lucas, A. G. Rossi, and K. S. Ravichandran, “Apoptotic cell

clearance: Basic biology and therapeutic potential,” Nature Reviews Immunology,

vol. 14, no. 3, pp. 166–180, Jan. 2014, doi: 10.1038/nri3607.
[194] D. A. G. Henderson, I. Atherton, C.McCowan, S.W.Mercer, and N. Bailey, “Link

age of national health and social care data: A crosssectional study of multimorbid

ity and social care use in people aged over 65 years in scotland,” Age and Ageing,

Jul. 2020, doi: 10.1093/ageing/afaa134.
[195] J.C. Boisset, W. van Cappellen, C. AndrieuSoler, N. Galjart, E. Dzierzak, and

C. Robin, “In vivo imaging of haematopoietic cells emerging from the mouse

aortic endothelium,” Nature, vol. 464, no. 7285, pp. 116–120, Feb. 2010, doi:

10.1038/nature08764.
[196] G. McConnell, J. Trägårdh, R. Amor, J. Dempster, E. Reid, and W. B. Amos, “A

novel optical microscope for imaging large embryos and tissue volumes with sub

cellular resolution throughout,” eLife, vol. 5, Sep. 2016, doi: 10.7554/elife.18659.

140

http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=EDU/WKP(2019)4&docLanguage=En
http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=EDU/WKP(2019)4&docLanguage=En
https://doi.org/10.3390/s20020402
https://doi.org/10.1083/jcb.200405155
https://doi.org/10.1038/nri957
https://doi.org/10.1128/cmr.05040-11
https://doi.org/10.1210/endo.135.3.8070367
https://doi.org/10.1038/nri3607
https://doi.org/10.1093/ageing/afaa134
https://doi.org/10.1038/nature08764
https://doi.org/10.7554/elife.18659


[197] G. McNay, D. Eustace, W. E. Smith, K. Faulds, and D. Graham, “Surface

enhanced raman scattering (SERS) and surfaceenhanced resonance raman scat

tering (SERRS): A review of applications,” Applied Spectroscopy, vol. 65, no. 8,

pp. 825–837, Aug. 2011, doi: 10.1366/1106365.
[198] P. M. Jourdan, P. H. L. Lamberton, A. Fenwick, and D. G. Addiss, “Soil

transmitted helminth infections,” The Lancet, vol. 391, no. 10117, pp. 252–265,

Jan. 2018, doi: 10.1016/s01406736(17)31930x.
[199] L. Paterson, “Controlled rotation of optically trapped microscopic particles,” Sci

ence, vol. 292, no. 5518, pp. 912–914, May 2001, doi: 10.1126/science.1058591.
[200] L. McDaid and P. Flowers, “Pandemics have psychosocial and sociocultural bur

dens,” The Lancet HIV, Oct. 2020, doi: 10.1016/s23523018(20)302393.
[201] R. E. Jack, O. G. B. Garrod, H. Yu, R. Caldara, and P. G. Schyns, “Facial ex

pressions of emotion are not culturally universal,” Proceedings of the National

Academy of Sciences, vol. 109, no. 19, pp. 7241–7244, Apr. 2012, doi:

10.1073/pnas.1200155109.
[202] M. J. Redd, L. Cooper, W. Wood, B. Stramer, and P. Martin, “Wound healing and

inflammation: Embryos reveal the way to perfect repair,” Philosophical Transac

tions of the Royal Society of London. Series B: Biological Sciences, vol. 359, no.

1445, pp. 777–784, May 2004, doi: 10.1098/rstb.2004.1466.
[203] D. N. Blane, A. E. Williamson, S. Macdonald, and C. A. O’Donnell, “Prevention

in the 2020s: Where is primary care?” British Journal of General Practice, vol.

70, no. 697, pp. 376–377, Jul. 2020, doi: 10.3399/bjgp20x711809.
[204] A. Zeman, M. Dewar, and S. D. Sala, “Lives without imagery – congenital aphanta

sia,” Cortex, vol. 73, pp. 378–380, Dec. 2015, doi: 10.1016/j.cortex.2015.05.019.
[205] G. J. M. Cowan et al., “In human autoimmunity, a substantial component of the b

cell repertoire consists of polyclonal, barely mutated IgG+ve b cells,” Frontiers

in Immunology, vol. 11, Mar. 2020, doi: 10.3389/fimmu.2020.00395.
[206] J. Green, Turtles all the way down. Penguin, 2017.

141

https://doi.org/10.1366/11-06365
https://doi.org/10.1016/s0140-6736(17)31930-x
https://doi.org/10.1126/science.1058591
https://doi.org/10.1016/s2352-3018(20)30239-3
https://doi.org/10.1073/pnas.1200155109
https://doi.org/10.1098/rstb.2004.1466
https://doi.org/10.3399/bjgp20x711809
https://doi.org/10.1016/j.cortex.2015.05.019
https://doi.org/10.3389/fimmu.2020.00395


“The problem with happy endings,” I said, “is that they’re either not really happy, or not

really endings, you know? In real life, some things get better and some things get worse.

And then eventually you die.” [206]
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