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1. Introduction 

I arrived at the University of Kent in 1985 as an 

undergraduate student studying theoretical physics, 

and on completion of my degree chose postgraduate 

studies that were applied in nature. Thus I began a 

diverse 23-year exploration of the optical science 

that is continuing to this day. Other than the years at 

Kent as student, researcher and educator, I have 

spent time at the Fiber and Electro-Optics Research 

Center, Virginia Tech. (1993), the University of 

Cyprus (1997–2001), the Higher Technical Institute 

(2001–2008), and I am currently an academic at the 

Cyprus University of Technology. I have also had 

the opportunity to be a long-term visiting fellow 

with the Photonics Research Group at Aston 

University (2002 onwards). Much of my time has 

been spent studying fiber optic devices and sensors, 

whereas my time in Cyprus began with work in the 

field of solid-state physics. 

2. PhD research at Kent 

Optical fiber ring resonators 

I will begin chronologically highlighting first the 
work undertaken in my doctoral thesis [1], through 

the years 1988–1992, studying linear and non-linear 
phenomena in high finesse optical fiber ring 
resonators. This proved a challenging project as I 

manufactured the ring resonators from a continuous 
piece of optical fiber that was machine polished at 
two points to make evanescent wave coupler halves 

that when joined, having looped the fiber, 
constituted the optical resonator (Fig. 1). 

 E1 

E2 E3 

1 3 

2 4 

E1
E4 

 
Fig. 1 Schematic of the all fiber ring resonator. 
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It was critical that both coupler halves were 
manufactured to very high quality, such that optical 
contact bonding was possible, and that they were of 
very low loss. In this way the dominant loss factor 

was the inherent loss of the optical fiber. Initially 
devices were made to operate at 633 nm, but we 
soon realized that by producing devices to work   

in the low loss telecommunications windows of   
1300 nm and 1500 nm we could create very long 
resonant cavities that would offer extremely high 

optical resolution, if they were accompanied by high 
finesse (Fig. 2). 

 
Fig. 2 High finesse output at 633 nm shows a highly 

symmetric transmission response for a finesse of 400. 

At that time there was much interest in 

producing multiple-beam, resonant fiber devices 
with enhanced phase sensitivity compared with 
two-beam interferometers. Furthermore, it was 

recognized that the resonator design constituted a 
high gain, optical cavity that was well suited to 
generating non-linear processes such as Brillouin 

scattering, principally because the low loss design 
allowed for a very low threshold for optical 
non-linearity (Fig. 3). 

 

 
Fig. 3 Scattered light from a ring resonator operating at  

633 nm, when held at resonance, and the cavity gain is about 40. 

This allowed for the development of novel fiber 

lasers that did not require a doped section of fiber to 

act as the optical gain medium, but rather exploited 

the presence of the intrinsic acoustic phonons in the 

fiber to behave as an effective gain medium. 

Two or more Brillouin signals mixed from one 

or more ring resonators were used to realize novel 

frequency and microwave signal generators [2–4]. 

The extremely high finesse, with the long cavity 

lengths of up to 40 m, allowed for filtering of signals 

directly in the optical domain, thereby offering 

unambiguous measurement of laser line-widths in 

the kHz range [5], with implications for laser 

Doppler velocimetry measurements (Fig. 4) [6]. We 

demonstrated the potential of the ring resonator as 

an extremely high resolution optical spectrum 

analyzer, directly measuring the frequency 

difference of two laser lines to better than 20 kHz. 

This was a record achievement at that time.  

 

 
Fig. 4 Ring resonator spectrum of two single frequency 

lasers with a frequency difference of 100 kHz. 

A new type of tunable fiber frequency shifter 

that utilized the high optical resolution to select 

discrete frequency components of a frequency 

modulated light beam, whilst offering very high 

suppression of unshifted light and unwanted signal 

sidebands, was shown to be an effective alternative 

to more traditional devices [7]. We also investigated, 

experimentally and theoretically, the dynamic 

response of the ring resonators to frequency swept 

input signals that varied on a time scale comparable 

to the cavity response time, for which the resonator 

finesse was required to reach its steady-state value 

(Fig. 5) [8, 9]. 
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Fig. 5 Ring resonator filtered spectrum of a phase modulated 

signal at 100 kHz (top), relevant theoretical curve (bottom). 

New types of gyroscopic sensors were 

developed that were based on the concept of low 

coherence multiplexing, as a means to yield 

improved sensitivity when compared with the 

conventional two-beam Sagnac interferometer [10]. 

Here the coherence length of the source is short in 

comparison with the loop length of the ring 

resonator and there is no build-up of finesse or 

optical interference at the output of the single 

interferometer. However, the interferometer can be 

designed to be balanced and reciprocal in nature for 

particular path pairs that consist of single and 

multiple circulations of clockwise and 

counterclockwise beams. Interference between 

beams traversing the virtually identical optical paths 

results in an output that is a summation of individual 

average intensities of the recirculating fields and this 

can offer advantages in sensor sensitivity. However, 

a consequence of these multiple recirculating fields 

is an increase in phase induced intensity noise, 

which results from non-zero correlations among the 

various intensity terms of the recirculating fields [1]. 

3. A second period at Kent 

3.1 Bragg sensor demodulation 

I later returned to Canterbury through the years 

1994–1996. This was a particularly dynamic time in 
the field of optical fiber sensors based on fiber 
Bragg gratings (FBG), and there was enormous 

interest in methods that were capable of 
demodulating the perturbation-induced wavelength 
shift output of the sensors, but without the use of 

bulky and expensive optical spectrum analyzers 
[11–13]. Furthermore, real world applications 
demanded that multiple sensors could be 

demodulated using efficient methods ideally with a 
single source and detector, respectively illuminating 
and recovering data from a complex optical 

network.  
Some of the research was focused on extending 

the FBG “sensor count” by novel wavelength 

demodulation techniques, whereas other work was 
focused on using gratings to tailor the network 
performance. I will begin by discussing the use of 

chirped gratings for the stable synthesis of dual 
wavelength sources by reflecting different 
wavelength bands of a superfluorescent fiber source; 

this is based on the classic dual wavelength method 
[14]. The spectral content of the synthesised 
wavelengths allowed for the generation of two low 

coherence sources that were ideal for use with a 
coherence tuned network, allowing for passive, 
remote sensing. The sensor network consisted of a 

Fizeau cavity, coherence tuned to a Mach-Zehnder 
interferometer, for which we demonstrated an 
unambiguous sensing range of 270 microns with a 

dynamic range of 2.7×105. The advantage in using 
chirped gratings for the dual wavelength synthesis 
results from more of the net source power being 

reflected by the gratings compared with single, 
narrow band gratings. Moreover, with this approach 
a temperature induced shift in the grating center 

wavelength results in a ten times smaller shift in the 
synthesised source mean wavelengths, compared 
with narrow band FBG. This is important, as for a 
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practical sensor the extended phase measurement is 
critically dependent on the stability of the 
synthesised wavelengths.  

We demonstrated the first instrumentation for the 

simultaneous interrogation of two-beam 

interferometric and Bragg sensors [15]. The 

technique employed an unbalanced Mach-Zehnder 

interferometer illuminated by a single 

low-coherence source, acting as a wavelength 

tunable source for the grating and as a path-matched 

filter for a Fizeau interferometer, thus providing a 

high phase resolution output for each sensor. 

The demultiplexing of large sensor arrays 

suitable for low frequency signal interrogation was 

investigated. In the first approach a series of eight 

FBG were demultiplexed, using an unbalanced 

Mach-Zehnder interferometer illuminated by a 

single low-coherence source that provided a 

high-phase-resolution output for each sensor [16].  

The outputs were sequentially selected in 

wavelength by a tunable Fabry-Perot interferometer, 

giving a minimum detectable strain of 90 nε-√Hz at 

7 Hz at 1535 nm (Fig. 6). Arrays of up to 32 Bragg 

grating strain and temperature sensors, with identical 

characteristics, were demodulated using a prototype 

system based on interferometric wavelength-shift 

detection, for measuring quasi-static strain and 

temperature [17]. 

I close this section on early Bragg grating work 

by noting that we also demonstrated a novel method 

to separate strain and temperature induced 

wavelength shifts using a single Bragg grating. The 

approach is based on the fact that the refractive 

index change of the grating is not purely sinusoidal. 

This leads to a Bragg reflection at the first (~ 1500 

nm) and second (~ 800 nm) diffraction orders of the 

grating; measurements at these wavelengths may be 

used to determine the wavelength dependent strain 

and temperature coefficients, from which 

independent temperature and strain measurements 

can be recovered [18]. 

 

(a) 

(b) 

(c)  
Fig. 6 (a) Power spectrum indicating the presence of 

multiple signals reflected from gratings at 1535 nm, 1549 nm, 

and 1555 nm in the absence of the tunable Fabry-Perot filter, 

and superimposed upon a 130 Hz carrier generated by the 

Mach-Zehnder interferometer, (b) and (c) spectra indicating 

how the filter allows for discrete wavelength selectivity, as it is 

tuned to sensor 1 (1535 nm) and sensor 2 (1549 nm), 

respectively. 

3.2 Raman spectroscopy for pollution monitoring 

Finally, I was sponsored by Shell Research to 

undertake study into the use of optical spectroscopy, 

specifically Raman spectroscopy, for the 

measurements of volatile organic compounds in 

ground water [19]. There was, and continues to be, 

great interest in this research field, as ageing storage 
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facilities pose the danger of leaking petroleum into 

the ground, with the potential contamination of the 

water table. Interesting aspects to this research were 

the design of new optical probes for collecting the 

Raman signal remotely using miniature optics 

coupled to optical fibers, connected to small-scale 

spectrometers – in this way remote sensing was 

possible. Finally, we investigated the use of polymer 

concentrators to improve the effective sensitivity of 

the system by selectively extracting the 

poly-aromatic hydrocarbons from water. 

4. Research between and after the Kent 
years 

My time at Virginia Tech. was principally based 
on industrial research projects in the following areas. 
Firstly, the development and testing of 

extrinsic/intrinsic low-finesse fiber Fabry-Perot 
interferometers as temperature monitors on board 
naval vessels [20]: both hybrid sapphire rod/optical 

fiber sensors (extrinsic) and gold-coated optical 
fiber sensors (intrinsic) were successfully tested to 
300℃  and 1000℃ , respectively. Secondly, the 

development of an optical fiber intruder detection 
system, based on a Sagnac loop, was successfully 
tested in the laboratory. Information was extracted 

from the path dependent phase sensitivity of the 
Sagnac interferometer and by examination of the 
frequency histogram generated by the “intruder”. 

Finally, I studied finite and infinite impulse response 
filters for signal processing directly in the optical 
domain. The filters were based on Mach-Zehnder 

and ring resonator networks, with and without 
optical gain. 

An extension of the first work in environmental 
pollution monitoring was an EU-sponsored project 

RAMFLAB, which I undertook at the University of 
Cyprus, in collaboration with Applied Optics Group 
at the University of Kent, IROE-CNR Firenze, Italy 

and Tel-Aviv University, Israel. Here the 
concentration of several pollutants, usually present 
in industrial waste water, was measured. Data was 

modeled using neural network data processing of 

absorption and fluorescence measurements in the 
visible spectral range. A result of appropriate 
network training provided quantitative analysis of 
many pollutants with sub-ppm resolution. We used 

compact optical fiber instrumentation for absorption 
spectroscopy and an innovative flow-cell for the 
fluorescence measurements, with both setups 

enabling cost-effective, in situ, nonstop monitoring 
of waste water [21]. 

Before moving onto recent research activity, I 

conclude this section with a discussion of research 

into hydrogen activated Pd films on silicon and 

polyvinylidene fluoride (PVDF) and impurity 

measurements on silicon wafers, also undertaken at 

the University of Cyprus [22–24].  

The processes employed to clean silicon wafers 

can, paradoxically, be a major source of impurities. 

This is particularly so in the case of metallic 

contamination, and therefore wafer-monitoring 

techniques have grown in importance. Any detection 

method must be non-destructive and non-contacting 

whilst offering a high spatial resolution. We used 

photothermal radiometry (PTR) as a non-destructive 

evaluation methodology, measuring the blackbody 

radiation emitted from a material excited by a 

modulated laser source [25]. Information is 

recovered regarding the electronic and thermal 

properties of the semiconductor as a function of the 

laser modulation frequency. An ideal blackbody 

radiator produces a linear frequency spectral 

response. In contrast, implanted or doped silicon 

wafers have a frequency spectrum that is biased at 

lower frequencies from the thermal component (Fig. 7), 

and at higher frequencies by the electronic material 

properties (Fig. 8). 

We have shown that the degree of the relative 

contributions gives information that is dependent on 

the type of doping and the material characteristics. 

Indeed information on both frequency and time 

dependent behavior of metal contaminated silicon 

wafers is recovered that may prove useful in the 

wafer manufacturing process. 
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Fig. 7 PTR signal vs modulation frequency for contaminated 

silicon wafers, displaying clear thermal material behavior and 

compared to a standard silicon substrate. 
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Fig. 8 PTR signal vs modulation frequency for contaminated 

silicon wafers, displaying clear electronic material behavior 

with fitted curves.  

We have also investigated optically thin 
palladium films evaporated on different 
silicon-based substrates following their exposure to 
various concentrations of hydrogen gas in air. We 
used laser modulated reflectance, off the palladium 
surface of silicon oxide, silicon nitrite and 
polycrystalline silicon substrates, to recover 
information regarding changes in the optical 
properties of the samples due to the absorption of 
hydrogen (Fig. 9). 

This resulted in both reflectivity inversion 

effects and the transition between α- and β-phases of 

the palladium complex after gas cycling (Fig. 10). 

Simple index of refraction arguments proved 

sufficient to explain these results [26–28]. Moreover, 

structural changes of the palladium films were 

investigated using atomic force microscopy before 

and after hydrogen exposure, where nanostructure 

formation was highlighted as a possible means of 

fabricating nano-devices [29]. 
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Fig. 9 Typical reflectivity changes demonstrated by an 8-nm 

Pd on SiO2 /Si on hydrogen cycling. 
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Fig. 10 Fractional reflectivity changes for various hydrogen 

concentrations for 8-nm palladium thin films on the different 

substrates (the upper left corner curve corresponds to fitted data 

from absolute reflectivity measurements of different film 

thicknesses of Pd on SiO2). 

I will continue with a description of research that 
almost exclusively focuses on the formation and 
utilization of gratings in optical fibers. Far from 
being conventional gratings, they are based on a new 
grating type, on femtosecond laser inscription and 
gratings in polymer optical fibers. All of this work is 
novel and represents several firsts. 

5. Type IA Bragg gratings 

I begin this section discussing the development 
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of type IA fiber Bragg gratings as sensors, whilst 

also seeking to explain the mechanism for the 

formation of this new grating type [30]. The type IA 

FBGs are written under longer ultraviolet (UV) 

exposure times than used for the inscription of more 

standard type I or type IIA gratings, although 

improvements in their inscription have shown that 

they can be readily inscribed in a suitably prepared 

optical fiber [31, 32]. The type IA may be 

considered a subtype of type I gratings. Their 

inscription characteristics however are distinct, 

exhibiting a large increase in the mean core index, 

identifiable as a large red shift in the grating Bragg 

wavelength λB. This wavelength shift saturates and it 

is dependent on fiber type and hydrogenation 

conditions, but for a highly doped fiber (either high 

Ge dopant or B/Ge co-doped fiber), it is typically in 

the order of 15 nm to 20 nm, and 5 nm to 8 nm for 

SMF-28 fiber. The maximum wavelength shift 

translates to a mean index increase of up to 2×102. 

Furthermore, type IA gratings have been shown to 

exhibit the lowest temperature coefficient of all 

grating types reported to date, which makes them 

ideal for use in a temperature compensating, dual 

grating sensor [31, 33]. 

Temperature coefficients and radiation study 

We have developed ways of tailoring the 

temperature and strain coefficients of fiber Bragg 

gratings (types I and IA) by influencing the 

photosensitivity pre-sensitization of the optical fiber. 

Controlling the level of hydrogen saturation via hot 

and cold hydrogenation, can produce gratings with 

tailored thermal and strain coefficients, resulting in a 

significant improvement in the matrix condition 

number, which impacts on the ability to recover 

accurate temperature and strain data (Fig. 11) [33]. 

The key advantages of this scheme are the 

utilization of two Bragg gratings having good 

wavelength proximity thereby avoiding costly 

multiplexing schemes, quick and efficient 

inscription using a single phase mask, common 

annealing cycles, and the precise placement of 

sensors located in a compact sensor head. 
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Fig. 11 Thermal coefficients for type I (left-hand traces) and 

type IA (right-hand traces) gratings written in B/Ge co-doped 

optical fiber, for hot (grey) and cold (black) hydrogenation 

conditions.  

Type IA gratings have lower temperature 
stability as compared to standard gratings; this is an 

indication of a higher structural damage due to the 
grating inscription with prolonged UV-exposure. 
Such a damaged structure is more sensitive to 

ionizing radiation as compared to the structure of 
type I gratings. Figure 12 shows a very large Bragg 
peak shift of 190 pm for a type IA grating written in 

PS-1250 fiber at a radiation dose of 116 kGy [34].  

Fig. 12 Change of Bragg grating wavelength on radiation 

exposure (gratings at 1535 nm and 1548 nm are type I and at 

1540 nm and 1556 nm are type IA).    
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measurement on the spectral modification of type IA 

FBGs, instigated by moderate power near infra-red 

lasers [35]. The grating properties were modified in 

a controlled manner by absorbing guided laser light 

at close to 1400 nm that coincided with an 

absorption feature associated with GeOH. This 

absorption band grew during the grating inscription 

and was due to the optical fiber preconditioning. The 

absorption occurred in the grating region, leading to 

a local increase in temperature. This wavelength 

selective absorption led to a reversibly modified 

center wavelength and chirp. A low laser power of 

only 10 mW induced small but significant 

wavelength shifts of approximately 100 pm. Using a 

more powerful source (350 mW) induced FBG 

wavelength shifts in excess of 750 pm and a 30% 

increase in bandwidth (Fig. 13). This has serious 

implications for all grating types when the fiber 

undergoes photosensitivity preconditioning, as their 

spectrum can be modified using purely optical 

methods (no external heat source acts on the fiber), 

and it is also of relevance for long-term grating 

stability. It should be noted that high power lasers 

are increasingly being used in optical networks and 

this study may have greater implications for all 

grating types, as laser powers and the useable 

wavelength spectrum increase. 
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Fig. 13 Wavelength shifts of in-line types I and IA FBGs 

when heated with a Raman source (1425 nm) (this clearly shows 

a selective and controllable Bragg wavelength change for the 

type IA grating and none for the type I grating). 

6. Femtosecond laser micromachining 
and inscription in optical fibers 

An area that is particularly topical in recent 
years is the use of femtosecond laser systems to 
induce refractive index changes or ablation in 
transparent materials. A focused femtosecond laser 
pulse can fundamentally change a material’s 
physical properties through strong non-linear 
absorption of the laser energy, allowing for the 
fabrication of intricate microstructures on the 
surface of opaque materials, or within the bulk 
volume of optically transparent glass or polymeric 
materials. This is widely recognized as an important 
development in the innovation of advanced 
components in fields such as medicine (stent 
production) and photonics (micro-devices and 
sensors) [36]. I will discuss the following activities: 
fiber Bragg, long period and superstructure grating 
inscription; the inscription of channels into the 
surface of optical fibers and it’s combination with 
gratings as sensors. These examples show how the 
femtosecond laser can be used to develop different 
types of micro-optic devices inscribed using the 
same basic inscription platform and laser system, 
highlighting its great flexibility and potential for 
rapid prototyping. For example, we have shown the 
development of femtosecond-laser inscribed phase 
masks (Fig. 14) [37]. 

 

 
Fig. 14 Femtosecond laser inscribed phase mask below the 

surface of the UV grade fused silica blank. 

6.1 Bragg gratings  

The use of femtosecond lasers for the inscription 
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of Bragg and long period gratings has made possible 

the creation of gratings with special features, for 

which their development would be difficult with the 

conventional UV laser inscription techniques. Fiber 

Bragg gratings have periodic refractive index 

modulation of the core with a sub micron pitch, 

reflecting light at the Bragg resonance wavelength 

with the forward guided mode coupling to a 

backward mode and to cladding modes. On the other 

hand, long period gratings (LPGs) have much larger 

period (few hundred microns) and couple light from 

the core to forward propagating cladding modes 

producing broad spectral loss bands. Many methods 

have been used to inscribe gratings in optical fibers, 

the majority of which utilize the interference of 

overlapping laser beams to create the desired fringe 

pattern and spacing. An alternative approach is 

step-wise inscription whereby single laser pulses are 

used to induce a refractive index change 

corresponding to an individual grating plane, with 

the grating inscribed one step at a time along the 

fiber core. With UV laser inscription there is a 

relatively long processing time to form the grating 

and so possible errors in the grating spacing due to 

thermal effects and/or small variations in the fiber’s 

strain can occur, limiting the gratings to a very short 

length [11–13]. Similar point-by-point inscription 

can be realized using a femtosecond laser [38], but 

with the advantage that the laser fires a rapid train of 

precisely timed pulses with good energy stability; 

the translation stage moves with constant speed in a 

rapid process that takes only a few seconds. The 

main advantage of the femtosecond writing 

approach lies in its flexibility to alter the Bragg 

grating parameters, allowing for variations in the 

grating length, pitch, and spectral response to be 

incorporated easily. The Bragg peak wavelength can 

be externally tailored, by tuning the ratio of the 

translation speed to the laser pulse repetition rate. 

Moreover, the nature of the induced material 

changes can be used for inscribing gratings in 

almost every waveguide material, not just silica, as 

long as there is a transparent access to the 

waveguide. The physical inscription mechanism of 

gratings with infrared femtosecond pulses is 

nonlinear absorption. The multi-photon process 

requires power densities (pulse energies) that are 

just above a material-dependent threshold. As a 

result, there exists an optimal pulse power for every 

focusing condition, demanding precise control of the 

pulse energy. However, this nonlinear process makes 

it possible to overcome the diffraction limit and to 

inscribe fine periodic structures that would not be 

feasible with linear absorption processes. 
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Fig. 15 Spectra for first and second order femtosecond laser 

inscribed FBG (top), FBG position in the fiber core (bottom).  

It is also possible to inscribe first order Bragg 

gratings in step-index fiber with a relatively low 

numerical aperture (NA) lens and without the use of 

oil immersion techniques (Fig. 15) and second order 

FBGs in single-mode, microstructure optical fiber 

(Fig. 16), both using a near infrared femtosecond 

laser (HighQ Laser Femtoregen IC 355), via the 

point-by-point method [38]. With a suitable fiber 

design the laser pulses penetrate the holes of the 

microstructure fiber without significant pulse 

break-up during inscription, and without using 

techniques that “remove” the holey structure by 
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filling with index matching oils. This is an important, 

generally applicable step in using femtosecond 

lasers for FBG inscription in optical fibers.  

   
Fig. 16 FBG in microstructure fiber (left) and cross section 

of highly birefringent microstructure fiber (right). 

The inscribed FBG in the microstructure optical 

fiber has wavelength to strain responsivity and 

temperature responsivity of 0.965 pm/ and 11.3 

pm/℃, respectively (Fig. 17). These are very similar 

to the results for conventional FBGs. 
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Fig. 17 Typical strain response of femtosecond laser 

inscribed FBG. 

There are two key drawbacks of femtosecond 

inscribed gratings: (1) high levels of broad spectrum 

losses, incurred during inscription [39] and (2) the 

significant degree of polarization dependence of 

grating devices [40]. These effects can be 

problematic for filter applications in optical 

communications and sensing. The complexity of 

multi-channel optical networks has made them more 

sensitive to polarization dependent losses and 

associated wavelength shifts. Moreover, the 

multiplexing of optical fiber sensors demands low 

loss devices with minimal polarization dependent 

characteristics for accurate wavelength encoded 

demodulation of signals. We have shown that it is 

possible to inscribe Bragg gratings using a 

femtosecond laser having an insertion loss of less 

than 0.4 dB over a grating length of 20 mm, with 

minor polarization dependence, measured as less 

than 5 pm with a polarization induced transmission 

loss of less than 0.1 dB (Fig. 18). Reasonable grating 

strengths of up to 3 dB were recorded [41]. 
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Fig. 18 Transmission spectra for two orthogonal polarization 

states of a femtosecond laser inscribed FBG (top) and 

wavelength change with polarization angle of less than 5 pm 

(bottom). 

6.2 Long period gratings  

The approach discussed above may be adapted 

for use with long period grating inscription. UV 

laser inscription of LPGs produces a uniform 

periodic index perturbation throughout the core of 

the photosensitive fiber.  In coupled mode theory, 

the light travelling through the fiber core is assumed 

to be linearly polarized thus simplifying the 

calculations, whilst maintaining the key results. 

Bound by this approximation, as there is no 

azimuthal dependence within the fiber core, the UV 

LPG will only couple to cladding modes of 
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azimuthal order 1 [42]. As the femtosecond 

inscribed gratings have a far smaller focal point, 

with a local index change in a small section of the 

fiber core, there is now angular and polarization 

dependence on the femtosecond laser inscribed 

gratings (much as for small and large angle tilted 

gratings). Mathematically, the coupling efficiency 

between two modes has an extra term, coupling 

between all azimuthal modes becomes possible: 

 
2

( 1)
1

0

2j l
le d


    .           (1) 

As a result, the confinement of femtosecond 

inscribed gratings and the localized refractive index 

(RI) change associated with this confinement has 

two different properties compared to the uniform RI 

change throughout the core of UV laser inscribed 

gratings. Firstly, a polarization dependency arises as 

different polarizations of light will see the RI 

perturbation differently. Secondly, the azimuthal 

dependence now means that the cladding mode 

coupling is not limited to 1lLP but can now couple to 

multiple sets of cladding modes mlLP . For sensing, 

this opens up the possibility of coupling to more 

sensitive cladding modes than are possible 

compared with standard UV inscribed grating 

devices. Typical transmission spectra for a LPG in 

air and immersed in a RI liquid with a surrounding 

refractive index (SRI) of 1.444 are shown in Figs. 

19(a) and 19(b), respectively. In air there are two 

strong and three weak attenuation peaks, whereas 

when the LPG is immersed in RI liquid with an SRI 

of 1.444, two strong peaks remain with two weak 

ones. This suggests that the effective indices of the 

cladding modes associated with the peaks are higher 

than 1.444, and that coupling to lower order modes 

is occurring. If the LPG is UV inscribed the 

attenuation peaks will all experience the same 

wavelength shift with increasing surrounding 

refractive index. However, this is not the case for 

femtosecond LPGs as they couple to multiple sets of 

cladding modes simultaneously, and this behavior 

gives rise to multiple attenuation peaks with both 

blue and red wavelength shifts with increasing 

surrounding refractive index. By using the combined 

shift of two opposing attenuation peaks a greater RI 

sensitivity can be achieved (Fig. 20). We have 

measured a maximum RI sensitivity of 1680 

nm/RIU. 
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Fig. 19 The transmission spectra of the femtosecond induced 

LPG of period 400 µm in (a) air and (b) a liquid of SRI of 1.444. 
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Fig. 20 Peak refractive index sensitivity of the LPG and the 

numerically calculated values.  

6.3 Superstructure gratings 

The superstructure fiber grating (SFG) is a 

composite grating structure formed when the Bragg 
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grating is exposed to a slowly varying refractive 

index (amplitude) modulation along the grating 

length thereby inducing counter-directional mode 

coupling, resulting in a comb filter response viewed 

in reflection [43, 44]. There are numerous 

applications demonstrated for the SFG such as 

tuneable distributed Bragg reflectors for fiber lasers 

and multi-channel dispersion compensators.  

One key advantage of the femtosecond 

point-by-point inscription approach is that the 

impact of co-directional cladding mode coupling 

affecting the Bragg grating reflection response can 

be effectively eliminated during inscription. This is 

possible because the femtosecond inscription leads 

to both positive and negative index changes, 

resulting in a spatially averaged index change that is 

more than ten times less than that for UV inscribed 

devices. The gratings can be written with well 

defined reflectivities and at design wavelengths that 

precisely coincide with the desired Bragg 

wavelength. Finally, the femtosecond gratings are of 

very low loss, displaying uniform spectra, which are 

deemed extremely important where it is necessary 

for the light to penetrate the full grating length and 

for each of the individual grating elements to 

contribute to the reflection response, e.g. within the 

Fourier design limit, which demands that gratings 

have a reflectivity of less than 25%.  

Figure 21(a) shows a transmission spectrum for 

an LPG accompanied by one for an SFG, and both 

devices have an amplitude modulation period of  

600 microns, but in the latter case the laser energy is 

reduced by 5%, which proves sufficient to 

completely suppress the LPG response. However the 

laser pulse energy remains just above the 

material-dependent threshold to allow for the SFG. 

Figure 21 (b) shows transmission and reflection 

spectra for an SFG having a Bragg period of   

1078 nm, while the amplitude period is 300 microns. 

There is no evidence of the LPG response, but we 

observe the characteristic Bragg cladding mode 

resonances. 
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Fig. 21 (a) Transmission spectrum for LPG and SFG (with 

LPG completely suppressed) for amplitude modulation period 

of 600 μm, (b) SFG transmission and reflection response for a 

Bragg period of 1078 nm, and amplitude period of 300 μm. 
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Fig. 22 Measured temperature response of the three strongest 

reflection peaks of a typical SFG device. 
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In Fig. 22 we observe the measured temperature 

response of the three strongest reflection peaks of a 

typical femtosecond laser SFG device, producing a 

wavelength response to temperature that is typical 

for a FBG based device of 11.2 pm/℃, for each 

peak. 

7. Modeling femtosecond laser inscribed 
fiber gratings 

We have seen how the highly localized refractive 

index changes, confined to the laser beam focal 

volume, permitting the development of complex 

gratings, such as sampled gratings. On the other 

hand this localized index change can be a drawback, 

as a small lateral shift of the focal point will displace 

the inscribed grating from fiber axis (off-axis 

inscription), changing the grating spectrum in 

strength and shape, because of symmetry breaking. 

It is important to predict how it will modify the FBG 

spectrum, and numerical modelling can become a 

strong tool to support the inscription process. To 

date there are no noteworthy studies of the grating 

spectra of femtosecond laser inscribed gratings by 

the point-by-point method. We have applied the 

bidirectional beam propagation method (BiBPM) 

and the finite element method (FEM), optimizing 

the solution convergence and accuracy for the 

propagating mode calculation. BiBPM is well suited 

to modeling coupled forward and backward waves, 

readily accounting for resonant effects of gratings 

[45, 46]. Our analysis can predict losses and gives 

prominence to the cladding mode spectra (Fig. 23). 

We have shown that a lateral shift of the grating 

leads to an exponential reduction in FBG reflectivity, 

a concomitant modification of the cladding modes, 

and the growth of a ghost mode (Fig. 24).  

For lateral displacements greater than 1 μm, the 

gradient of the slope increases rapidly leading to 

lower reflectivity even for small displacements; in 

agreement with experimental observations (Fig. 25). 
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Fig. 23 Experimentally measured and simulated spectra 

showing excellent agreement in the number of cladding modes 

and their wavelength positions (the simulation resolution is set 

to be equal with experimental measurements resolution).  
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Fig. 24 Grating spectra for different offsets from the center 

of the core, where the label refers to offset in microns (inset: 

cladding mode structure with greater clarity). 
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Fig. 25 Grating notch depth proportional to the position of 

the grating in the fiber core (line is a Gaussian fit). 
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8. Long period gratings in photonic crystal 
fiber-electric arc and femtosecond laser 
inscription 

The properties of LPGs fabricated in photonic 

crystal fiber (PCF) were investigated. We have used 

both the electric arc and the femtosecond 

point-by-point methods for LPG inscription, and 

have extracted some significant results, such as the 

temperature insensitivity of the LPG, it’s 

applicability to bend sensing and to refractive index 

sensitivity. The bend sensitivity resulted from two 

different sources, firstly an asymmetry in the holey 

fiber cross-sectional geometry and secondly 

asymmetry induced when using a femtosecond laser 

for inscription of the grating. 

8.1 Femtosecond laser LPGs as bend sensors 

A series of symmetric and asymmetric LPGs 

were inscribed in PCF using a femtosecond laser 

system. We have found that asymmetric (off-center) 

femtosecond laser inscription of LPGs produces 

devices with certain attenuation bands that have a 

spectral sensitivity to the orientation of the curvature. 

Spectral curvature sensitivities of –11.4 nm·m for a 

concave bend and +7.0 nm·m for a convex bend 

were measured. The great advantage with PCF is the 

low temperature cross-sensitivity [47]. All the 

fabricated LPGs exhibit spectral birefringence 

ranging from 1 nm to 10 nm and this is related to the 

inscription method and the laser energy used to 

fabricate the LPG. The symmetrically inscribed 

LPGs exhibit no dependence on bend sensitivity 

with fiber orientation. The transmission spectra of 

an asymmetric LPG are shown in Fig. 26. 

8.2 Electric arc LPGs as bend sensors 

In the case of LPGs inscribed using a 

spatially-periodic electric arc, the whole fiber cross 

section is affected uniformly and so one expects a 

sensor response that is not vectorial in nature. 

However, strong bend sensitivity can exist if the 

fiber cross section has inherent asymmetry (Fig. 27). 
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Fig. 26 Curvature response transmission spectra for an 

asymmetrically inscribed LPG written in PCF (period = 400 μm, 

inscription energy = 410 nJ) (LPG is subjected to (a) concave 

and (b) convex bending). 

 
Fig. 27 PCF cross-section of endlessly single mode fiber 

with inherent asymmetry. 

LPGs in two different types of PCF have been 

investigated for their sensitivity to temperature, 

bending, surrounding refractive index, and strain 

[48–52]. Both fibers show negligible temperature 
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sensitivity (<6 pm/℃ ) whilst having significant 

sensitivity to other measurands. This is an important 

factor, since one of the persistent problems of using 

LPGs as sensors is their cross-sensitivity to 

temperature, which results in discriminatory 

schemes needing to be employed to separate the 

effect of temperature from the desired measurands 

[49]. The two fibers have different responses to RI 

changes, with the asymmetric fiber design showing 

a useful response, whereas the symmetric endlessly 

single mode PCF displays minimal changes to SRI, 

which would make it better suited to applications 

involving sensor embedding. The directional bend 

sensitivity of the LPG in the asymmetric 

cross-section PCF was dλ/dR = (−12.4 ± 1.2) nm and 

dλ/dR = (9.64 ± 1.0) nm for bending in opposite 

directions (Fig. 28). This directional bend sensitivity, 

which is attributed to the disrupted symmetry of the 

photonic crystal, compares well with other reported 

sensors and is the first time that this behavior has 

been seen in LPGs fabricated in PCF. 
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Fig. 28 Spectral response of the asymmetric cross-section 

PCF to bending (black line: LPG with no curvature; dark grey 

line: curvature of −2.09 m−1 in the 180°position; light grey line: 

curvature of +2.09 m−1 in the 0°position). 

These experiments show the potential that LPGs 

fabricated in PCF have as sensing devices and 

suggest that PCF could in principle be designed for 

optimum sensitivity to desired measurand(s), whilst 

minimizing or removing undesirable cross 

sensitivity. 

Perhaps two pieces of work have the particular 

significance, where we have developed composite 

devices to realize firstly, a fiber optic magnetic 

sensor using the broad capabilities of a single 

femtosecond laser inscription platform and secondly, 

a tunable grating filter in polymer optical fiber. 

9. Magnetic field sensor 

Begining with the direct current (DC) magnetic 

field sensor, it was specifically designed for the 

detection and characterization of static magnetic 

fields. Magnetic sensors have been widely used to 

control and analyze a wide range of devices such as 

linear and rotary position sensors and current 

sensors. Optical detection methods that use 

interferometery [53], Faraday rotation and cantilever 

arrangements, covering fields from 1 nT to 1 T, have 

been used [54–55]. Most reported studies were 

conducted using high frequency magnetic fields or 

using mumetal shields for detecting either slowly 

varying or static magnetic fields, leading to practical 

application issues. Therefore, magnetic sensors 

would greatly benefit from a sensitive optical 

detection method for which static magnetic fields 

could be measured and with sensor information that 

is encoded as an absolute quantity, such as the 

wavelength encoding offered by a fiber Bragg 

grating sensor. 

By carefully tailoring the inscription threshold 

for the index change and ablation, we incorporated a 

fiber Bragg grating and a micro-machined 

rectangular slot into the same optical fiber on a 

single inscription platform. The symmetry of the 

fiber was broken by the micro-slot, producing 

non-uniform strain across the fiber cross section, 

whilst also offering the potential for vectorial 

sensing (Fig. 29). The sensing region was then 

coated with Terfenol-D, which in the presence of 

magnetic fields changed dimensions through 

magnetostriction, making the device sensitive to 

static magnetic fields. The advantage of the Bragg 

grating is a sensor output that is directly wavelength 
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encoded, leading to simple demodulation by 

monitoring wavelength shifts that occurs as the fiber 

structure changes shape in response to the external 

magnetic field [56].  
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Fig. 29 (a) Schematic of the magnetic optical fiber sensor 

geometry, with femtosecond laser inscribed FBG in the core and 

micro-slot, all coated with Terfenol-D and (b) microscope image 

of the slot in the Corning SMF-28 prior to being filled and 

coated. 

The Terfenol-D when sputtered onto the optical 

fiber fills the micro-slot creating a robust, 

monolithic structure. The resulting sensors 

demonstrate high sensitivity to weak static magnetic 

field and sensitivity to the magnetic field direction, 

which has previously not been demonstrated with 

comparable approaches. It has demonstrated a 

minimum detection limit of 0.047 mT and a 

sensitivity of 0.3 pmmT1 in transmission with a 

resolution limit of ±0.3 mT in a magnetic field 

strength of approximately 20 mT (Fig. 30). 
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Fig. 30 Spectral characteristics of the device in transmission 

as a function of magnetic field strength. 

The simplicity of the optical configuration and 

results show the potential for this technique to be 

applied to a range of fields due to its small sensor 

size and ability to be remotely interrogated. This 

demonstrates the potential for vectorial magnetic 

field sensing with high sensitivity and large scope 

for flexibility. 

10. Polymer optical fiber gratings 

In recent years, my research has been founded 

on the development of fiber Bragg grating 

technology in polymer optical fibers. A significant 

outcome is the development of the first tunable 

grating filter in polymer optical fiber (POF), which 

will be discussed briefly in this paper [57, 58]. 

However, we have realized several other firsts, such 

as Bragg grating inscription in microstructure 

polymer optical fiber, in novel polymers such as 

TOPAS® (a cyclic olefin copolymer that has the 

potential for label-free bio-sensing when combined 

with Bragg gratings), and at wavelengths that are the 

shortest reported to date, operating at 827 nm, (Fig. 

31) [59–62] and as bend sensors [63, 64]. 
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Fig. 31 Reflection spectrum of an FBG fabricated in 

multi-mode microstructure polymer optical fiber at 827 nm with 

bandwidth resolution of 0.5 nm. 

We have exploited the high temperature 

sensitivity of FBG in polymer optical fiber to realize 

an electrically tuneable filter. A grating recorded in 

a polymethyl methacrylate (PMMA) based 

step-index fiber was coated with a Pd/Cu metallic 

layer: the former to aid adhesion to the PMMA and 

the latter to act as a thin film heating element. 

Because of the risk of grating erasure near the glass 

transition temperature, the fiber was coated at room 
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temperature using 172-nm radiation, thereby 

undergoing vacuum decomposition of a 

metal-organic film whilst at the same time causing 

chemical roughening of the POF device to aid 

adhesion.  

Figure 32 shows the electrical tuning 

characteristic of the device, which demonstrates a 

sensitivity of –13.4 pm/mW, and the time constant is 

1.7 s1. 
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Fig. 32 Wavelength shift induced by ohmic heating of the 

polymer optical fiber grating. 

When the input power is uniform the 

temperature variation as a function of time is 

   in 1 exp
P

T t a t
a


             (2) 

where inP  is related to the input power, but depends 

on the thermal capacity of the PMMA and the metal 

film. A measurement of a yields information 

regarding the rate of heat flow out of the fiber. 

11. Other work 

The sections above describe certain areas of my 

research during the period 1996 to 2010; other 

activities include the development of surface 

plasmon sensors [65–67], the use of femtosecond 

lasers to modify the sensing characteristics of optical 

fiber sensors and the development of microfluidic 

devices. 
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