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Abstract 

Anti-resonant hollow core fibre is a new kind of optical fibre waveguide in 

which light is trapped in a hollow core surrounded by the capillary formed 

microstructured cladding. This fibre exhibits high damage threshold, low dispersion 

and ultra-low nonlinearity with relatively low loss of a few tens of dB/km. Its 

intrinsic feature of multimode delivery limits the applications with high requirements 

of single mode transmission. 

In my thesis, I demonstrate how the design of hollow core fibre can be 

improved with single mode guidance. S2 imaging measurement was used to analyse 

the mode content of the solid core fibres. In my research, I established S2 

measurement to measure the mode contents in hollow core fibres for the first time. 

Two hollow core fibres with 8 capillaries and 7 capillaries in their claddings were 

fabricated in same fashion and showed differences in low attenuations. By comparing 

the mode contents in both of the fibres via S2 imaging measurement, 7-capillary HCF 

was demonstrated to give better performance on single mode guidance. 

Among the applications of the HCF, the property of delivering high power in 

HCF makes the gas filled HCF laser possible. In my research, a continuous-wave 

mid-infrared acetylene filled hollow core laser was built with a slope efficiency of 

33% and an output power of over 1 watt at the wavelength region of 3.1~3.2 μm. The 

pump source is an Erbium-doped fibre amplified tunable laser diode which works at 

C-band wavelength. The fibre without the gain medium has two transmission bands 

with low attenuation of 0.037 dB/m and 0.063 dB/m at pumping and lasing 

wavelengths respectively. This laser system works in either cavity-based 

configuration or single pass ASE configuration. The latter configuration shows a 

better performance in high output power and high slope efficiency. The optimized 

laser system was studied experimentally with the proper fibre length and gas 

pressure. This laser system could be extended to be filled with other molecules to 

longer wavelengths and has potential for high power output. 
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CHAPTER 1 INTRODUCTION 

 

1.1 Hollow core fibres 

 

1.1.1 Overviews of hollow core fibres 

In 1966, C. K. Kao, who was awarded the Nobel Prize in Physics in 2009, 

theoretically proved that optical fibres could be a new medium for long distance 

telecommunication if the loss was as low as 20 dB/km [1]. In this paper, a fibre of 

glassy material, with the core of higher refractive index, operated in a single mode, 

even though the fibre transmission and bending loss was high. In the 1970s, with the 

improvement of fabrication and measurement techniques [2], a very low loss single-

mode fibre with a minimum loss of 0.20 dB/km at a wavelength of 1.55 μm was 

attained [3]. Since then, optical fibres have witnessed an explosive growth. 

In fact, the history of the optical fibres can be dated back to the first discovery 

of total internal reflection (TIR) by Tyndall in 1870 [4]. This guiding principle made 

fibre optics possible. Modern optical fibres appeared later, and use TIR by having a 

silica core surrounded by a cladding with a lower refractive index [5]. The theory is 

easy to implement as fabrication techniques have improved rapidly. Optical fibres are 

not only investigated in the lab research but also commercialised and applied to the 

industry in the aspect of the long distance telecommunication, lasers and sensing [6-

9]. 

However, a new class of optical fibres with a variety of microstructures have 

been developed over the last twenty years, which offer advantages over the very 

successful conventional fibre designs. This kind of fibre is no longer based on the 

TIR because the microstructured core is vacuumed or filled with air or other gases. 

These core materials will have a lower refractive index than the cladding solid 

material.  
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The first hollow waveguide was traced back to 1936, when a straight hollow 

conducting cylinder of circular cross-section was studied in theory in Bell Telephone 

Laboratories. They found the metal waveguide provided lower attenuation with an 

increase in frequency [10].  To meet the increasing demand of radar systems, a 

transmission medium for the millimetre wave system was demonstrated as a 

waveguide with a circular cross-section that had an inside diameter of 60 mm in 

1977. Outside the hollow core was steel tube with absorbing materials attached on 

the inner surface. This combination of waveguide types provide a total loss below 1 

dB/km from 40-100 GHz [11].  

The first dielectric hollow core waveguide was theoretically studied at the 

optical frequency by Marcatili and Schmeltzer in 1964 [12]. In this paper, the field 

configuration, the propagation constants of the normal modes and the attenuation due 

to curvature of the axis were determined for a hollow circular waveguide made of 

dielectric material or metal for application as an optical waveguide. They also 

predicted that the hollow metallic circular waveguide appeared to be very attractive 

as a transmission medium for long distance optical communication. The 

telecommunication limit for the dielectric hollow core waveguide is due to the trade-

off between the transmission loss and the bending loss.  

Later in 1974, single- and multi- mode optical waveguide were fabricated 

solely from pure fused silica with the transmission loss of 3 dB/km at 1.1 μm [13]. 

Due to the challenges of fabrication techniques, especially on a scale of micrometres, 

the dielectric hollow core waveguide had slow progress. 

As for optical wavelengths, the metal hollow core fibre was first fabricated in 

1980 [14]. From then on, hollow core waveguides made from glass and metal were 

developed rapidly [15]. Hollow core waveguide designed for CO2 laser transmission 

at a wavelength of 10.6 μm was first fabricated with sapphire in 1990 [16]. Later in 

1992, a Ge-coated Ag hollow core waveguide achieved 2.6 kW output power for CO2 

laser delivery [17]. 

The metal hollow core waveguides have better performances for transmission 

at microwave and far infrared wavelengths than the dielectric hollow core 

waveguides. This is because the dielectric materials usually have extremely high 
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absorption at longer wavelengths. However, at shorter wavelength such as optical 

wavelengths, the dielectric materials exhibit great transparency.  Since the 

mechanisms of confining the light in hollow waveguides is not same as the TIR, the 

leaky loss happens all the time leading to a fundamentally higher loss than the solid 

core waveguide.  

In the 1980s, another guiding mechanism, Photonic Bandgap (PBG) effect, 

was demonstrated in 1987 when it was proposed that light can be trapped in the 

photonic bandgap within photonic crystals [18, 19]. The dielectric hollow core 

waveguide, named as hollow core Photonic Bandgap Fibres (HC-PBFs), which 

consisted of pure silica core surrounded by a silica-air photonic crystal material, were 

first reported in 1996 [20, 21]. Since then, a variety of fibres with different 

microstructures have appeared. 

In 2002 a new type of optical fibres with a ‘Kagome’ lattice cladding was 

reported by Benabid [22]. Light was guided over a broad wavelength range in 

discrete transmission bands while there was no photonic band gap found either 

experimentally or through simulations. Thus, the loss was higher than in 

conventional step index fibres or in photonic bandgap fibres. The advances of the 

fabrication technique have triggered spectacular progress in their transmission 

performance, bringing the attenuation down from ~ 1 dB/m [22] to ~ 1 dB/km [23] 

within only three years. However, drawbacks such as narrow transmission bandwidth 

and the overlap between the fundamental mode and interface modes limits a large 

number of applications like broadband light sources. The advent of the large-pitch 

Kagome-structure hollow core fibre and a square-lattice hollow core fibre further 

decreased the attenuation and broad the transmission bandwidth [24, 25].  

A low loss Kagome fibre with negative curvature of the core boundaries was 

first reported in 2010 [26]. A series of experiments confirmed the importance of the 

curvature in reduction of the Kagome fibre attenuation [27]. In Vincetti and Setti’s 

paper, numerical simulations predicted that the high loss transmission regions in the 

Kagome hollow core fibre were caused by the coupling between the core mode and 

cladding modes [28]. A simplified Kagome-lattice fibre reduced to one layer of air 
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holes was proved a new route to obtain low loss fibres [29]. Since then, new designs 

of cladding microstructures have become popular [30]. 

The mid-infrared (mid-IR) spectral region of 2~20 μm contains strong 

vibrational transitions of many important molecules and two atmospheric 

transmission windows of 3~5 μm and 8~13 μm, which is crucial in silica fibre 

transmission and draws much attention. In 2011, hollow core negative curvature 

fibres (HC-NCF or simply NCF) with only one row of silica capillaries, which 

allowed light guidance from near to mid-IR region despite of the high loss of silica 

material, was first reported [31] (shown in Fig. 1-1 (a)). Later on the transmission 

window was extended to a longer wavelength of 10.6 μm for the CO2 laser delivery 

in a similar shape HC-NCF made of chalcogenide glass instead of silica [32]. Until 

now, the minimum attenuation in mid-IR region of the hollow core negative 

curvature fibre (shown in Fig. 1-1 (b)) was reported as low as 24.4 dB/km at a 

wavelength of 2.4 μm [33]. 

Low loss NC-HCFs were also demonstrated for shorter wavelength 

transmission in the visible and near-infrared region. A NCF with attenuation of 0.15 

dB/m and 0.18 dB/m at 532 nm and 515 nm achieved single mode nanosecond and 

picosecond pulses at 1064nm respectively [34]. An fibre attenuation of 40 dB/km 

was measured at 1064 nm in NCF which acted as a part of ring cavity in a mode-

locked fibre laser [35]. At mid-infrared wavelength of 3050 nm, NCF had an 

attenuation of 34 dB/km [36]. Another NCF designed and fabricated by myself for 

acetylene filled fibre laser has a low attenuation of 68 dB/km at 3.1 μm and 37 

dB/km at 1.53 μm in these two specific transmission bands. 

 

Fig. 1-1 Cross sections of Hollow core negative curvature fibres (a) First HCF designed and 

fabricated by [31] (b) Ice-cream shaped HCF[33] (c) Open boundary NCF [37]. 
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Another design of NCF with open boundary capillary cladding was reported 

to be able to achieve low loss in mid-infrared spectrum range from 2.5 μm to 7.9 μm 

in 2013 [37]. Bending loss can be greatly reduced in a similar NCF reported by 

Belardi in 2014 [38] (shown in Fig. 1-1 (c)). Further simulations of the design by 

adding extra anti-resonant elements in the cladding predicted that the leaky and 

bending loss can be further decreased [39-41] . Different shapes of elements are built 

into the cladding rings such as positive and negative curvatures which decreases the 

attenuation dramatically [42]. Simulations also proved the loss performance and 

higher-order mode suppression is significantly improved by using symmetrically 

distributed anisotropic anti-resonant tubes in the cladding, elongated in the radial 

direction, when compared to using isotropic, i.e. circular, anti-resonant tubes [43]. 

However, these HCFs with low loss are difficult to draw with the current fabrication 

techniques. 

1.1.2 Guiding mechanism 

The anti-resonant hollow core fibre is intrinsically leaky as the light cannot be 

totally reflected inside the core with low refractive index. The guiding mechanism for 

hollow core waveguides originated from Marcatili and Schmeltzer’s theory [12]. 

Later, the ‘ARROW’ model was proposed to systematically explain how the light is 

confined and transmitted in the fibre [120]. 

 

1) Marcatili and Schmeltzer’s theory 

In Marcatili and Schmeltzer’s paper, they presented an analysis of the field 

configuration and propagation constants of the modes in the hollow core waveguide 

for the first time. They assumed the core was circular due to its simplicity and low 

loss. Both metallic and dielectric guides were discussed. The metallic waveguide is 

more suitable for microwave frequency rather than the optical wavelengths, as the 

metal is not a good conductor for this range. With a large dielectric constant, the 

dielectric materials such as glass is good at transmitting in the optical wavelengths. 

However, they revealed that the dielectric circular waveguide was not a promising 

contender for long distance transmission of light.   
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In their work, they considered the waveguide consisting of a circular cylinder 

of radius a. The cylinder was infinite and uniform with a higher refractive index than 

the hollow core. They derived the formulas for the mode attenuation and the 

corresponding propagation constant after some mathematical approximations. 

In a dielectric waveguide, the expressions are as follows [12]: 

 α = (
𝑢𝑛𝑚

2𝜋
)
2 𝜆2

𝑎3

{
 
 

 
 

1

√𝑛2−1
 , 𝑇𝐸0𝑚 𝑚𝑜𝑑𝑒𝑠 (𝑛 = 0)

𝑛2

√𝑛2−1
 , 𝑇𝑀0𝑚 𝑚𝑜𝑑𝑒𝑠 (𝑛 = 0)

1

2
(𝑛2+1)

√𝑛2−1
 , 𝐸𝐻𝑛𝑚 𝑚𝑜𝑑𝑒𝑠 (𝑛 ≠ 0)

  Equ. 1-1 

 𝛽𝑛𝑚 =
2𝜋

𝜆
 {1 −

1

2
 (
𝑢𝑛𝑚𝜆

2𝜋𝑎
)
2

}  Equ. 1-2 

In the expressions, n stands for the refractive index and 𝑢𝑛𝑚 is the mth root of 

Bessel function Jn-1=0. The attenuation 𝛼 are proportional to 
𝜆2

𝑎3
 . It implies the 

attenuation can be suppressed by choosing the core radius relatively larger than the 

wavelength 𝜆. Additionally, different modes affect the attenuation in different types 

of loss. The fundamental mode in a relatively large core has a lowest attenuation 

from this formula. However, the attenuation constants were calculated for a straight 

waveguide only. Bending loss was predicted to be considerably high with a large 

core. This theory can only be applied in a simple circular model. In terms of the 

complex structures in the HCF cladding, multiple reflections affect the attenuation of 

the leaky modes in the core by the interference between boundaries of different 

materials.  

Thus this theory provides a method to calculate the mode loss of the hollow 

core waveguide with a limitation in a more complex and bending HCF.   

 

2) Anti-resonance reflecting optical waveguide model 

The anti-resonance reflecting optical waveguide (ARROW) model was first 

proposed in 1986 to explain how a layer of poly-Si with higher refractive index 

confined light waves in SiO2 with lower refractive index [121]. Later in 2002, this 

concept is applied to low-index core photonic bandgap optical waveguides [120]. The 
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thickness of the high refractive index layers and the refractive index contrast were 

found to determine the transmitted wavelengths and the attenuation [120]. Soon it 

became the most widely used model to explain the microstructured hollow core 

fibres. 

Typically, the photonic bandgap fibres rely on the guidance mechanism of 

TIR or PBG guidance. The former is similar to the step index fibre; the latter one 

guides light in a low-index core through Bragg reflections off high- and low-index 

periodic layers in the cladding. However, if the lattice constant of the photonic 

bandgap waveguide is larger than the transmitted wavelength and the refractive index 

contrast is high, the spectral characteristic is mainly governed by the first layer of the 

high refractive index cladding. 

This anti-resonance behaviour is explained as follows: the higher index 

cladding structure acts as a waveguide, in which certain cladding modes with specific 

wavelengths can be supported. At these wavelengths, the number of modes, n, 

supported in the cladding switches from n+1 to n [122], which means the minima 

transmission occurs here. It is reasonable that the lower index core modes couple 

with the higher index cladding modes allowing light to escape from the core to create 

resonance. Between these resonances, the anti-resonances cannot be coupled to the 

cladding and instead reflects back into the core. 

 

Fig. 1-2 Schematic of (top) the ARROW structure and (bottom) its transmission spectrum 

[120]. 
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To make it more clear and intuitive, a 2D model is shown in Fig. 1-2. The 

fibre microstructure consists of an array of rings with thickness d. The rings have a 

refractive index n2 higher than air index n1 in hollow core. Each layer in the cladding 

is considered as a Fabry-Perot resonator which transmit certain wavelengths and 

reflect the light at the anti-resonant wavelengths back into the lower index core. 

Mathematically, the resonances are given by the condition [120] 

 𝜆𝑚 =
2𝑛1𝑑

𝑚
√𝑛2

2 − 𝑛1
2  Equ. 1-3 

in which m is a positive integer, representing the order of resonance. The high loss 

occurs at the wavelengths of 𝜆𝑚.  

At the resonant wavelengths, large attenuation of the core mode can leak 

through the high index layer. On the other hand, at the anti-resonance wavelengths, 

the reflectivity of the high index layer increases and the light is confined in the low 

index core. Therefore, the transmission spectrum is multiband as Fig. 1-2. 

From this ARROW model, the resonance bands are simply calculated with 

the thickness and refractive index of the higher index layer. However, the model is 

not perfect because other important parameters of the HCF are still unknown such as 

the mode attenuations. 

 

3) Leaky mode coupling  

The leaky mode coupling model is another approach to discuss how the core 

modes leak out by coupling into the dielectric in the hollow core waveguide. The 

guidance mechanism is inhibited coupling between the modes that propagate in the 

core and modes that propagate in the dielectric, in the cladding tubes or in the 

interstices between two cladding tubes [30]. In 2010, Vicetti and Setti demonstrated a 

useful and numerically valid model to describe the coupling between air and 

dielectric modes in a single tube waveguide [28].  

In their simulations by finite element method, they first investigated the mode 

property in a tube waveguide made of dielectric material with higher refractive index. 

The material inside and outside of the tube is air with refractive index of 1. Two 
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different kinds of confined modes are presented: the ‘airy’ modes are in the air core 

with an effective index lower than 1; the ‘dielectric’ modes are mainly located inside 

the dielectric. The leaky ‘airy’ modes are coupled into the ‘dielectric’ modes and 

causes anti-crossing and high leakage loss when the ‘dielectric’ modes are at their 

cut-off frequency, which is similar to the phenomenon observed in hollow core PBG 

fibres between core and surface modes [123]. The cut-off frequency mainly depends 

on the ratio between inner and outer tube diameters, i.e. the wall thickness. Effective 

index of the ‘airy’ modes is another parameter of importance. It is explained with the 

so called mode matching method [124], that the coupling happens when the ‘airy’ 

mode index is similar to the dielectric mode index. Thus the model in the single tube 

waveguide is able to simply predict the dispersion and the loss properties by 

designing the tube thickness, diameter and refractive index. 

To investigate a fibre closer to a real case with complex design, the model is 

applied to a fibre with several tubes surrounding the core. The core geometrical 

parameters and the number of the tubes in the cladding are optimized for low 

attenuations. This resulted in showing that fibres with 7 tubes arranged in the 

cladding exhibit a tradeoff between high order modes loss and low fundamental 

mode loss. 

During the period of my research, we first got the results and published 

papers on single mode performance in 7 capillary HCF in 2016 [50, 51]. Soon later, 

similar results were reported from other groups. 

A recent systematic study on the mode coupling between core modes and 

cladding modes was proposed by Chengli Wei et al. in 2017 [30], in which negative 

curvature is found to be the key component to decrease the transmission attenuations 

the same as in Kagome fibre [125]. In the transmission band, the coupling should be 

inhibited. By having a small mode overlap and a mismatch of their effective indices, 

the coupling between the core and the cladding is reduced. The cladding wall 

thickness decides the transmission wavelengths and the effective indices in the core 

and the cladding. The gap between two neighbour tubes in the cladding also affects 

the leakage loss. It means the mode intensity inside the gap increases when the gap 

increases. But the increased leakage through the gap leads to an increased leakage 



15 

 

loss from a certain gap distance value. In other words, the gap changes as well as the 

cladding tube diameter. Different numbers of the tube in the cladding are also 

considered. When core mode area is similar to the tube area, the effective indices are 

similar. In this case, the coupling is much easier. This paves a way for single mode 

transmission performance in 7 capillary HCFs in the next chapter. 
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1.1.3 Mode properties of hollow core fibres 

 Hollow core fibres are different from common solid optical fibres because 

hollow core fibres intrinsically transmit all spatial modes but with different 

attenuations. High order modes have higher attenuations than the fundamental mode 

and are easily eliminated during long distance transmission. In short length 

transmissions of laser powers, hollow core fibres usually suffer from poor beam 

quality because higher modes cannot dissipate clearly. As a result, it is vital to 

achieve low loss single mode guidance for applying hollow core fibres for delivery of 

powerful short pulses for industrial and other applications. 

Previous investigations of single-mode guidance of hollow-core fibres have 

included the theoretical study and numerical simulations of photonic bandgap 

hollow-core fibre [44]. The coupling between higher-order modes of the core and 

fundamental modes of ancillary shunt cores embedded in the cladding is optimized 

by phase matching [45]. 

In terms of the HCFs, single mode properties were numerically achieved by 

tuning the thickness of the cladding by Wei et al in 2015 [46]. Günendi et al 

theoretically and experimentally demonstrated broad-band single-mode guidance in 

HCF with 6-capilllary cladding design. The attenuation was around 0.18 dB/m at 1.6 

µm which was a lot higher than the state of the art [47].  Another HCF with a 

hexagonally shaped core surrounded by 6 capillaries was demonstrated and exhibited 

three transmission windows spanning over a spectrum from the near infrared down to 

deep ultraviolet wavelengths with about 3 dB/m for all transmission windows [48]. 

Later in 2016, Michieletto et al numerically demonstrated the advantage of 7 

capillary cladding design of HCF in higher-order mode suppression [49]. 

Our group reported low loss single mode performance in HCF by introducing 

the 7 ice-cream shaped capillary cladding design [50, 51]. S2 imaging measurement 

was used to analyse the spatial modes [50, 52]. By comparing the mode properties in 

7-capillary and 8-capillary HCF, high order modes are significantly suppressed in 8-

capillary HCF. 
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1.1.4 Applications of hollow core fibres 

Hollow core fibres are newly developed optical fibre waveguides with unique 

properties which can be used in many applications such as defence, security, 

atmosphere monitoring, and medicine [53-56]. My research on HCFs mainly focuses 

on the high power delivery especially in mid-infrared and gas and light interaction in 

the HCFs. 

 

1) High power delivery in mid-infrared 

One of the advantages is the low transmission loss in mid-infrared (mid-IR) 

region [36]. Compared to conventional solid core fibres, the material absorption of 

the cores are the main limit of the fibre performance in mid-IR. The most common 

material, the silica glasses, tend to contain some impurities such as water content. 

The infrared transmission is limited by the strong water absorption peaks [57]. 

Besides, since the fabrication technique of HCFs matures, the attenuation is as low as 

mentioned in the previous section. 

As for laser transmission, hollow core fibres have a better performance than 

the conventional index guiding fibres because the small overlap between air core and 

the cladding can reduce the nonlinearities and material absorption. Guidance of the 

10.6 μm CO2 laser radiation through As30Se50Te30-glass hollow core fibres was 

demonstrated [32]. The loss at 10.6 μm was estimated about 11 dB/m [32]. In the 

mid-infrared spectrum, the delivery of high energy microsecond pulses through a 

HC-NCF at 2.94 μm was found [32]. The NCF attenuation was measured to be as 

low as 0.183 dB/m at 2.94 μm by cut back measurement [32]. The maximum output 

energy delivered through NCF was achieved of 195 mJ which was limited by laser 

power [58]. My research on gas fibre laser is pumped by a high power continuous 

wave (CW) Erbium-Doped Fibre Amplifier (EDFA) with a maximum of 9.6 W [59]. 

 

2) Light and gas interaction platform 

The materials of the solid cores in conventional fibres are the main cause of 

the sometimes unwanted nonlinear properties. However, fibre cores with air have 
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reduced nonlinear properties. HCFs is also capable of confining different media such 

as gases and liquid in the hollow core, which allows the interaction between light and 

said media across a relative long effective interaction length and high intensities. 

This property can also be applied in investigating the nonlinear properties of gas, 

leading to the making of optical sensors and gas fibre lasers. 

Kagome fibre was first filled with hydrogen gas to produce stimulated Raman 

scattering (SRS) in 2002 [22]. Since then, a series of studies on SRS in gas filled 

HCF was reported. A gas filled fibre laser was reported as a Raman NCF laser in 

2014 [60]. The SRS at 1.9 μm was generated in a 6.5 m long C2H2-filled HC-NCF at 

23 bars, pumped by a 1064 nm microchip laser [60]. SRS was also observed in an 

ethane-filled HCF pumped with a high peak power pulsed 1064 nm laser [61]. A 

maximum peak power of about 400 kW and laser slope efficiency of 61.5% were 

achieved in a 6 m HCF at 2 bars pressure at1552.7 nm Stokes wavelength [61].  

Population inversion of acetylene gas was also observed in Kagome fibre in 

2011 [62]. Other gases such as HCN, CO and CO2 were then used as active gas gain 

medium to demonstrate in HCFs at their own emission wavelengths [63-65]. In the 

mid-IR spectrum, 3.16 μm mid-infrared emission was achieved in the single pass of 

silica NCF filled with Acetylene gas pumped by a 1.5 μm tunable diode laser [66]. A 

ring cavity based acetylene filled fibre laser was demonstrated in 2016 [67]. Due to 

the guidance mechanism of anti-resonance, broadband transmission spectra and a 

large mode area can be achieved to make a high power laser system possible. 

The study of nonlinear optics in the gas filled HCF is of interest recently [68]. 

With different gases filled into the HCF, several dramatic results are demonstrated 

including soliton compression to few-cycle pulses [69], widely tunable deep-

ultraviolet light sources [70], novel soliton-plasma interactions [71] and multi-octave 

Raman frequency combs [72]. These light and gas interactions provide many 

applications in nonlinear optics. 
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1.1.5 Summary of projects reported in this thesis on hollow core fibres 

My contribution to this topic described in this thesis is briefly shown as 

follows. S2 imaging measurement was set up to measure the mode properties in the 

hollow core fibres. The mode contents in two different HCFs were measured and 

analysed. A new design of 7 capillary HCF showed a better performance to supress 

the high order modes and transmit only single mode in a relative long distance. From 

this discovery, we published two papers on the single mode performance of the HCF 

[50, 51]. Details are provided in Chapter 4. 

 

  



20 

 

1.2 Lasers 

Laser is one of the most influential technological achievements of the 20th 

century, because it is widely used in all aspects of our daily lives today from laser 

pointers to surgery, from telecommunications to 3D printing. Based on the stimulated 

emission of radiation, a laser is a device that emits light through an optical 

amplification process. The term ‘laser’ originated as an acronym for ‘light 

amplification by stimulated emission of radiation’ which was first introduced to the 

public in Gould's 1959 conference paper [73]. Later in 1960, the first working laser 

was made by Maiman who used a solid-state flashlamp-pumped synthetic ruby 

crystal to produce red laser light at 694 nm wavelength. This laser was only operated 

as a pulsed laser due to its three-level pumping scheme [74]. 

Unlike other light sources, laser light fundamentally has its unique properties 

which makes it applicable in many areas. Firstly, laser light is concentrated in a 

narrow range of wavelengths, i.e. they are monochromatic. Lasers often have single 

frequency while other sources emit a broadband continuous light at a wide range of 

wavelengths. Secondly, lasers emit light coherently, which means all the emitted 

photons have a constant phase relationship with each other in both time and phase. 

Highly directionality is another property of lasers. Other light sources emit light in all 

directions while laser light is usually low in divergence, leading to a low radiation 

incident per unit area. 

Typically a laser consists of three important components: a gain medium, an 

excitation mechanism and an optical resonator. The gain medium is a material 

containing atoms which are able to amplify the incident light by stimulated emission. 

The light at a specific wavelength is amplified when passing through the gain 

medium. Currently popular gain media can be gases, liquids, semiconductors and 

crystals.  

The excitation mechanism is a source of energy to excite the atoms to specific 

energy states. This process is called pumping, with energy supplied optically like a 

laser diode or electrically like high voltage discharge. 

https://en.wikipedia.org/wiki/Acronym
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The optical resonator reflects the laser beam through the gain medium for 

amplification. The most common setup is a cavity consist of a high reflectance mirror 

and an output coupler (usually partly transparent at the lasing wavelength) on either 

end of the gain medium. Light bounces back and forth between two mirrors and is 

amplified each time when passing through the gain medium.  

 

1.2.1 How lasers work 

To describe how the laser works, it is important to understand the stimulated 

emission and absorption first.  

 

Fig. 1-3 Schematic illustration of the three processes: (a) spontaneous emission; (b) 

stimulated emission; (c) absorption. 

Two energy levels (1 and 2), of some molecule or atom of a certain material, 

with their energies being E1 and E2, are given as Fig. 1-3. These two levels could be 

any two out of all the atom’s energy levels. E1 can usually be considered as the 

ground state. Assuming that the atom is initially at E2 energy level, since E2 > E1, the 

atom will tend to decay to E1 energy level with an energy release as E2-E1 by the 

atom. Spontaneous (or radiative) emission is the process when this energy is 

delivered in the form of electromagnetic wave. The frequency ν0 of the radiative 

wave is given by a well-known equation: 
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 ν0 =
𝐸2−𝐸1

ℎ
       Equ. 1-4 

Where h is Planck’s constant. The emission of a photon energy is hν0 = 𝐸2 −

𝐸1 when the spontaneous emission occurs and the atom decays from E2 energy level 

to E1 energy level (shown in Fig. 1-3 (a)). 

In terms of stimulated emission (shown in Fig. 1-3 (b)), assuming that the 

atom is still initially at the E2 energy level, when an electromagnetic wave with a 

frequency ν = 𝜈0 is incident on the material, there is a finite probability that the wave 

will force the atom transit from E2 energy level to E1 energy level. In this case, the 

energy difference 𝐸2 − 𝐸1 is delivered in a form of an electromagnetic wave which 

adds to the incident wave. 

There are some fundamental differences between spontaneous emission and 

stimulated emission. In spontaneous emission, the emitted waves don’t have any 

defined phase relationship with each other, i.e. the wave can be emitted in any 

direction. As for stimulated emission, since the emission process is forced by a wave 

with specific frequency, the emission atom adds in phase to the incoming wave and 

along the same direction. 

Absorption is another important process for lasers which is shown in Fig. 1-3 

(c). Assuming that the atom is initially lying in E1 energy level, an incident wave 

with a frequency ν = 𝜈0 comes into the material, there is a finite probability to raise 

the atom to E2 energy level. The energy difference 𝐸2 − 𝐸1 is required for the atom to 

transit from E1 to E2 energy level. 

Briefly, in the spontaneous emission process, an atom decays from E2 to E1 

with an emission of one photon. In the simulated emission process, an incident 

photon stimulates the transition from E2 to E1 and we have two photons. In the 

absorption process, the atom only transit from E1 to E2 by absorbing the incident 

photon. These processes provide basic idea for the lasing mechanism. 

The gain medium usually contains a population of atoms. By using an 

external source of energy optically or electrically, the atoms can be excited to an 

upper energy level during the absorption process. The stimulated emission process 

amplifies the incident beam in the gain medium at the same time. In practice, the 



23 

 

atoms can interact with light by either absorption or emission. Emission can be either 

spontaneous or stimulated. In the case of stimulated emission, the output photons are 

in the same direction with the incident photons. When the number of atoms in one 

excited state is greater than the atoms in some lower energy state, population 

inversion is achieved. In this case, when the incident light passes through the gain 

medium, the amount of the stimulated emission is larger than the amount of 

absorption. Light is then amplified. When the incident light only passes through the 

gain medium once, this device which amplifies the light is called optical amplifier. 

When an optical amplifier is placed inside an optical resonator as I mentioned above, 

an optical oscillator is obtained. 

In an optical resonator, multiple reflections of light pass through the gain 

medium to excite the atoms or stimulate the emission, which makes the stimulated 

emission dominate the spontaneous emission. So the incident light is amplified and 

results in a coherent output as laser beam. Since the resonator is typically a cavity 

consisting of two mirrors, the coherent beam travels bi-direction back and forth in the 

gain medium. Some of these coherent photons go out through the output coupler. 

Some are lost due to absorption or diffraction. If the amplification in the medium is 

larger than the resonator losses, the power of the recirculating light can exponentially 

rise. Every stimulated emission returns one atom from the excited states to a lower 

state which decreases the gain. The gain saturation occurs when the net gain (gain 

minus loss) reduces with an increasing beam power. In a continuous wave laser, the 

balance of the gain saturation and the cavity loss decides the equilibrium value of the 

laser power inside the cavity. The equilibrium status decides how the laser operates. 

If the pump power is too small, the gain will never be sufficient to overcome the 

cavity losses. A laser beam will never be produced. The lasing threshold is the 

minimum pump power needed to start the lasing process [75]. 

Due to different materials for gain media, lasers have a variety of types. The 

gain medium is selected for the desired lasing wavelength. As previously mentioned, 

the gain medium can be gas, solid, liquid or semiconductor. To fully understand 

discussion throughout my thesis, I introduce fibre lasers and gas lasers briefly. 

https://en.wikipedia.org/wiki/Exponential_growth
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In terms of the gas lasers, they are extremely common in not only lab research 

but also industry with their relatively low cost. The gas laser is usually pumped 

electrically or optically. The spectral region of the electrical discharged gas laser is 

ranging from deep ultraviolet wavelength (e.g. 224 nm in Helium-Silver laser [76]) to 

far infrared wavelength (e.g.10.6 μm in CO2 laser [77]). 

Optically-pumped molecular gas laser has a spectral region ranging from 

1 μm to 1 mm. The laser configuration is much more simplified than the electrical-

discharged one. However, since the gas absorption has to depend on the emission 

lines of other gases as the pump source, the development of the optically pumped 

laser is limited. 

A traditional fibre laser is a laser in which the gain medium is an optical fibre 

doped with rare-earth elements. Optical nonlinearity is another way to generate laser 

like Stimulated Raman Scattering (SRS) in such lasers. Fibre lasers offer numerous 

advantages over traditional bulk lasers in terms of efficiency, compactness, 

robustness, beam quality and other characteristics. 

Hollow Core Optical Fibre Gas Lasers (HOFGLAS) are developing rapidly 

due to their  compactness, high damage thresholds and a wide coverage of the 

wavelengths [63]. These kinds of lasers combine the advantages of both gas lasers 

and fibre lasers. In terms of the traditional gas lasers, they offer high output powers 

but with short effective interaction lengths in bulky gas cells. Traditional solid core 

fibres have low damage thresholds. The nonlinear effects in solid glass materials 

limits the narrow linewidth of the generated light especially at high powers. 

 

  

https://en.wikipedia.org/wiki/Rare-earth_element
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1.2.2 Mid-Infrared fibre lasers at 3 μm 

Mid-IR lasers are of interest because of their wide applications in defense, 

remote sensing and medicine at the eye-safe wavelength of 3 μm. Mid-IR fibre lasers 

have developed rapidly in recent years due to the mature fabrication of soft glass and 

soft-glass fibre, as well as the advanced fibre laser technologies proven in the 

development of near-infrared fibre lasers [78-80]. The high loss of the silica, and the 

limit of the rare earth materials at mid-infrared wavelengths above 3 μm, means that 

rare-earth-doped silica and silicate fibres fail to provide the efficient laser operation 

[57]. Although inferior to silica/silicate glasses as laser host glasses in terms of 

mechanical strength, chemical durability, thermal conductivity, and optical 

nonlinearity, the soft glasses, e.g. Chalcogenide, Telluride and Fluoride glasses, offer 

advantages as host materials because of their much lower density of phonon states 

[79, 81].  

Among many soft-glass fibre lasers, Ho-doped and Er-doped ZBLAN fibre 

lasers are capable to generate power at around 3 μm [82]. For high-power mid-

infrared fibre lasers, Er-doped ZBLAN fibre laser was demonstrated as a successful 

candidate which generates 30 Watt mid-infrared laser output at wavelengths near 3 

μm [83-86], with a predicted potential exceeding the 100 W power level [86]. By 

using a monolithic erbium-doped fluorozirconate fibre, lasers with an output of 5.6 

W and longer wavelengths up to 3.55 μm can be achieved [87]. The high achievable 

doping level and low material loss make the high power performance outstanding in 

ZBLAN fibre lasers [78]. However, the host materials influence the high power 

output in numerous ways including the typically high quantum defect, thermal 

management and fibre failure [79].  

As an alternative technology, novel gas-filled hollow core fibre lasers were 

invented [63]. They make full use of the advantage of low-loss hollow core fibres 

which can easily transmit the mid-infrared light in their multiple transmission bands. 

Also the filled gas can be changed and the pressures adjusted conveniently. The gas-

filled hollow core fibre lasers have demonstrated an alternative potential route for 

high-power mid-infrared laser emission [88].  
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Acetylene is a gain medium which can emit in mid-infrared region [63]. It 

was first used in the optically-pumped gas fibre laser in 2011[62]. In their single-pass 

amplified spontaneous emission (ASE) configuration, they used nanosecond pulses 

from an Optical Parametric Oscillator to pump at 1.52 μm wavelength and generated 

two mid-infrared emissions at 3.12 and 3.16 μm. The gain fibre was a ‘Kagome’ type 

of anti-resonant HCF filled with acetylene [62]. The output power was low because 

of the high fibre loss (20 dB/m) at the laser wavelengths. 

In 2013, a single pass pulsed laser was demonstrated with an output of over 

0.7 μJ around 3 μm and 30 % power conversion efficiency pumped by a diode laser 

system at 1.53 μm. The fibre they used is a 11 m long anti-resonant HCF with losses 

reduced to less than 0.2 dB/m at both pump and laser wavelengths [66]. They also 

revealed that the gas pressure played a decisive role in efficient laser operation [66], 

as in the earlier studies of traditionally optically pumped gas lasers [89]. Later, 1.4 μJ 

pulse energy at 3 μm was obtained by pumping with a narrow-bandwidth OPA at 

1.53 μm wavelength in single-pass configuration with a 10 m long acetylene-filled 

anti-resonant HCF [88]. The slope efficiency stayed at 20 % which was unaffected by 

the acetylene pressure [88]. It may be a feature of lasing in the transient regime. The 

laser output beam quality M2 was measured as 1.2 , which indicates a good beam 

quality [88]. 

By using a synchronous diode-pumping scheme, the first cavity-based mid-

infrared laser oscillation in acetylene-filled hollow fibre was realized in a ring cavity 

[67]. In the pulsed laser setup, a low-loss anti-resonant HCF with 101m in length was 

employed as a feedback fibre with 25 dB/km fibre loss at 3.1 μm [67]. A maximum 

power of over 4 mW average output power was achieved at a repetition rate of 2.5 

MHz. In the CW laser setup in the same paper, the feedback fibre was changed to 3m 

in length and the lasing of acetylene molecule at 3 μm was also observed with CW 

diode laser pumping in the cavity configuration as the first time [67]. Later, we 

compared lasing in the cavity and single-pass configurations under high-power pump 

[59]. We demonstrated that the single-pass configuration was preferred for high-

power operation. Recently, over 1 Watt mid-infrared laser output at 3.1 μm was 

achieved in our CW laser system by using a diode laser pump. Over 33 % conversion 
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efficiency was measured in a 15 m anti-resonant HCF of single-pass configuration, 

relative to the absorbed pump power. 

 

1.2.3 Summary of projects reported in this thesis on mid-IR lasers 

In Chapter 5, an optically pumped acetylene filled HCF laser was 

demonstrated in both cavity and single pass ASE configurations. With the high pump 

power, the single pass ASE configuration has a robust performance with the output 

power of over 1 W and the slope efficiency of 33%. Considering the pump 

absorption of the laser, we demonstrate that the dynamics of the gain molecules 

constrains the laser performance under high-power CW pump. 
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1.3 Conclusion 

Chapter 1 briefly introduces the development, guiding mechanism and mode 

property of the hollow core fibre and their applications. It also introduces how the 

laser works and the development of the gas fibre lasers. 

HCF is a novel and simple design after the appearance of the photonic 

bandgap fibre. It has low loss transmissions in multiple wavelength bands, which 

makes it interesting in fibre optics field. The guiding mechanism is generally 

explained by “ARROW” model. It intrinsically has all the modes but with different 

attenuations. Single mode guidance is achieved based on the design of the HCF. HCF 

has a wide range of the applications due to its unique optical characteristics. High 

power delivery in mid-infrared region and gas-light interaction platform are its two 

main ways for applications especially in my research. 

How the laser works is briefly introduced in the second part of this chapter. 

Lasers are divided by different gain materials. Gas lasers and fibre lasers are two 

main categories of the laser. Gas fibre lasers appeared after the advent of the HCF. 

They combine the advantages of the gas lasers and the fibre lasers. In my thesis, a gas 

fibre lasers is demonstrated in mid-infrared region. 
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CHAPTER 2 GAS FILLED FIBRE LASER 

MECHANISM  

 

In this chapter, the development of the gas lasers is introduced briefly in 

section 2.1. In section 2.2, gas molecules especially C2H2 molecule is discussed as a 

gain medium for a laser.  

 

2.1 Introduction of gas lasers  

The first gas laser was invented with He-Ne gas as gain media by Javan et al 

in 1960 [90]. Since then, gas lasers were designed and developed with different gases 

and used for many purposes. A variety of active gas media used are either single 

atoms or molecules and even metal vapour. The gas laser develops from the earliest 

CH3F [91], CO2 [92], and OCS [93], to CO [94, 95], HBr [96], HCN and C2H2 [65]. 

All of these gases can be pumped optically. 

In fact, the most common pumping method of gas lasers is an electrical 

discharge. The gas laser was first operated on converting electronic energy to a laser 

light output in continuous wave operation. CO2 laser achieves a high continuous 

wave output power of 150 kW at 10.6 μm with fairly high beam quality. However, 

the wall-plug efficiency is only above 10% for CO2 laser. As for He-Ne laser and 

Argon ion laser, the efficiency is as low as 0.1%. In this case, more efficient lasers 

like solid-state and diode are being used [97]. 

Optically pumped gas molecule lasers (OPML) have a lot of advantages to 

guarantee its increasing attention and development. For example, a gas medium is 

easy to cool down by convection and has a relatively high damage threshold. Since 

lots of gases are used, the laser spectra covers from the ultra violet (UV) to the 

millimetre wave region, which results into a broad range of applications especially in 

the specific wavelengths that are not valid for other types of lasers [98]. The 
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disadvantages are obvious. First, it is hard to find a suitable laser source to pump the 

specific wavelengths of these gas media. Then, due to the order of hundreds of MHz 

of the linewidth in a molecular gas, it is necessary to have a narrow band pump 

source to transfer the pump energy into the gas. 

Semiconductor laser diode source is a good choice to use for pumping gas 

medium because of the available laser diodes with the wavelength ranging from 

visible to above 2 μm laser transitions [99]. The quantum cascade diode laser was 

demonstrated to be ideal for pumping the triatomic molecule based laser (like CO2 

and N2O) with output in the wavelength range of 3~15 μm [99]. HBr lasers pumped 

by a Nd: YAG laser [100] and a single frequency Ho:YLF laser [101] respectively 

were demonstrated in 4 μm. Near infrared emitting diode lasers are used for pumping 

diatomic molecules including HF, DF, HCl, HBr, and CO [99]. Diode pumped gas 

lasers have a great potential to achieve high output power with good beam quality 

[102-104].  

The first optically pumped alkali atom laser was demonstrated in 2003 [105]. 

High quantum efficiency was achieved up to 98% [104] in optically pumped Rb 

vapour lasers with the slope efficiency of 81% at a wavelength of 795 nm [105]. 

Another alkali vapour, Cs, was also used as gain media in the laser and achieved the 

efficiency of over 63% at a wavelength of 894 nm [106]. Multiple laser diode array 

pumped Cs laser was demonstrated with a maximum output power of 48 W [107]. 

The main problem of the optically pumped gas laser is that the conventional 

gas cells cannot provide a long enough interaction length between pump and media, 

leading to a limitation of their applications with such bulky systems. In fact, the 

conventional gas laser can only contain around 1meter gas tube as a resonator while 

the new gas fibre laser has much longer length like 40 meters in my experiment. A 

new generation of the gas laser has been developed, which is the gas-filled hollow 

core fibre laser (reviewed in chapter 1). 
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2.2 C2H2 molecule as active media 

To fully understand the OPMLs, a review of molecular physics related 

OPMLs is presented in section 2.2.1 and 2.2.2. In section 2.2.3 and 2.2.4, the basic 

principles of the operation of a C2H2 molecule as a gain medium is described. 

 

2.2.1 Energy levels of molecules 

Typically electrical energy levels of molecules have the largest separation of a 

few eV, which implies that their allowed absorption transitions are in the visible or 

ultraviolet regions of the spectrum [108]. In fact, the molecules are capable of storing 

energy in two extra forms: vibrations and rotations.  

At each electronic state of the molecule, there are several possible vibrational 

levels. They are spaced equally in ladder-like levels. At around each vibrational 

level, a series of rotational energy levels stay even more closely but not with equal 

spaces. In this case, transitions between vibrational states are generally in the mid-

infrared region of spectrum. Pure rotational transitions are observed in the far-

infrared and microwave regions. The possible transitions are determined by certain 

selection rules. 

A molecule with N atoms has 3N degrees of freedom. Three of these are 

motion directions. Three are rotational motions around three axes, or two for linear 

molecules. The rest are vibrational motions. C2H2 is a kind of linear molecule which 

contains 2 degrees of rotational motions and 5 degrees of vibrational motions. 

 

1) Rotational energy levels of linear molecules 

The linear molecules have the rotational kinetic energy which is expressed as: 

 𝐸𝑟𝑜𝑡 =
1

2
𝐼𝜔2 =

𝐿2

2𝐼
        Equ. 2-1 

where I is the moment of inertia of rotation and 𝜔 is the angular velocity of rotation. 

L is the angular momentum 𝐼𝜔 which is expressed as: 

 𝐿2 = 𝐽(𝐽 + 1)ℏ2  Equ. 2-2 
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where J is the angular momentum quantum number with values of J=0, 1, 2,…. 

In terms of radiations with changes in rotational levels, the selection rules for 

rotational transitions in linear molecules can be expressed as follows: 

 ∆J = 0,±1 

The possible transitions occur between rotational levels with either same J 

value or different J values by a separation value of ±1. 

 

2) Vibrational energy levels 

The model of the vibration levels of a molecule can be compared to a simple 

harmonic oscillator with two atoms attached to a vibrating spring. In the harmonic 

oscillator model, the potential energy is calculated by ∑
1

2
𝑘𝑖𝑖 𝑥𝑖

2, in which 𝑘𝑖 is the 

effective spring constant of the ith vibration mode and 𝑥𝑖 is the displacement from the 

equilibrium position. Then the vibrational energies are solved as this: 

 𝐸𝑣𝑖𝑏 = (𝜐1 +
1

2
) ℎ𝜈1 + (𝜐2 +

1

2
) ℎ𝜈2 +⋯ ;  Equ. 2-3 

where 𝜈1, 𝜈2, … are the resonant frequencies of the oscillator and 𝜐1, 𝜐2 are 

the vibrational quantum numbers for each vibrational mode. This value can only be 

integral values from 0 upwards. 

The selection rule for vibration transitions with one vibration mode is ∆υ =

±1 for pure harmonic motion. However, molecules sometimes do not behave as 

independent simple harmonic oscillators. An additional transition, named overtones, 

is allowed as well. 

 

3) Rotational-Vibrational transitions 

A molecule can vibrate and rotate at the same time. As mentioned before, a 

series of rotational energy levels lie on each vibrational energy level, with spaces 

between two neighbouring rotational energy levels smaller than the spaces between 

vibrational energy levels. In such rotational-vibrational levels, transitions from a 

rotational sublevel of one vibrational level to another rotational sublevel of another 

vibrational level are called rotational-vibrational transitions. 
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When this transition occurs between two sublevels, the J selection rule for 

rotational-vibrational transitions is  

 ∆J = 0,±1. 

The rule dictates that there are three branches (P-, Q-, R-branches) to the band 

which are lines connecting rotational sublevels in one upper vibrational level to the 

rotational sublevels in the lower vibrational levels as: 

 ∆J = +1,    P − branch, 

 ∆J = 0,       Q − branch, 

 ∆J = −1,    R − branch. 

The energy diagram of the transitions between two rotational sublevels in two 

different vibrational levels of a molecule is shown in Fig. 2-1. 

 

Fig. 2-1 Energy level diagram of two vibrational levels containing a series of rotational 

sublevels. P-, Q-, R-branch transitions are presented. 
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In Fig. 2-1, the dash line presents the Q-branch transition when ∆J equals 0. 

For all stable diatomic molecules (except NO) and some other linear molecules, 

transitions with Q-branch are not allowed because the orbital angular momentum is 

zero in upper and lower vibrational states. 

Note that the lower states can be either the initial levels or the final levels 

[109]. They depend on the direction of the transitions, i.e. the transitions for 

absorption or emission. For example: 

R (1) is a transition from J = 1 to J = 2    in absorption 

                                         J = 2 to J = 1    in emission. 

 

2.2.2 Optically pumped molecule lasers (OPMLs) 

Optically pumping is a process to inject light to raise not only the electrons 

from a lower energy level of an atom or molecule to a higher energy level, but also 

the low vibrational and rotational energy level of an atom or molecule to a higher 

energy level. In lasers or laser amplifiers, optically pumping is to achieve a 

population inversion in the gain medium and then obtain the optical amplifications 

via stimulated emissions. 

Various lasers can be optically pumped including all the doped-insulator solid 

state lasers, some of the semiconductor lasers and gas lasers. Some common optical 

pump sources are discharge lamps and laser diode. 

The mid-infrared molecular gas lasers are based on vibrational-rotational 

transitions. There are three transition methods of pumping and lasing for mid-infrared 

OPMLs including fundamental band transitions, difference band transitions, 

overtones and combination bands transitions. The transition into the first excited 

vibrational levels are called fundamental bands, such as the transition (000) → (010) 

for CO2. The fundamental bands lasers have same vibrational band but different 

rotational bands for both pumping and lasing. The second laser scheme is to excite 

the fundamental vibrational band to an upper level. Then lasing occurs on the 

different band with the transition from one vibrational mode to another (e.g. (100) → 

(010)). It is also possible to excite from ground state to a combination level with 
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several different vibrational modes at same time (e.g. (000) → (011)) or to an 

overtone level (e.g. (000) → (020) or (003)). Then lasing takes place on the transition 

to another vibrational state. Hot band lasers are either based on combination and 

overtone bands [110].  

 

Fig. 2-2 Simplified energy level diagram of a molecule with three energy levels. 

Fig. 2-2 shows a simplified energy diagram of a molecule for understanding 

the basic operation of OPMLs. State 1 is the ground vibrational state. State 2 

represents the excited state while state 3 is the laser terminal state. The pumping 

process is to excite the molecules from the ground vibrational state to the excited 

state via rotational-vibrational transition. Then the excited molecules lase on 

transitions from the pumped state to another rotational-vibrational state. Since each 

vibrational state has a series of rotational states, with the resonant or near-resonant 

excitation of the vibrational-rotational transitions, coherent emission occur either on 

a pure rotational transition (leading to far-infrared emission) or on a vibrational-

rotational transition (leading to mid-infrared emission). 

Collision is a channel for the transfer of energy which affects the population 

numbers of molecule states. The rotational relaxation and the vibrational relaxation 

are two processes of the collision induced energy transfer. The molecule population 

in the excited state transfer energy either by stimulated emission (lasing) or 

collisions. Therefore the laser gain depends on not only the strength of pumping and 
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lasing transitions but the competition between lasing and relaxation processes. So the 

performance of the laser is the balance of the pump transition, the laser transition and 

the collisions induced population transfer process. 

In terms of infrared gas molecule lasers, some common gas molecules are 

investigated as active gain medium including CO, CO2, C2H2 and HCN. The 

pumping and lasing parameters are listed in Table 1. Among them, both C2H2 and 

HCN are attractive because of the strong absorptions in the 1.5 μm region [111, 112] 

which is suitable for the optical communication C-band wavelength range. The lasing 

wavelengths are at 3.1 μm in the mid-infrared region. My research focuses on the 

C2H2 molecule as a gain media in the optically pumped laser system. 

Table 1 Some common gas media with pumping and lasing parameters. 

Gas 

Pumping lasing 

λ (μm) 
Vibrational 

state 

Cross-

section 

(cm2) 

Vibrational 

transition 

Cross-

section 

(cm2) 

λ (μm) 

C2H2 1.52 v1+v3 8.7e-18 → v3 2.8e-16 3.1 

HCN 1.53 2v3 4.1e-18 → v3 4e-16 3.1 

CO 1.57 v=3 1.5e-20 → 1 1.1e-17 2.36 

CO2 2.00 2v1+v3 1.8e-18 → 2v1 9.4e-15 4.3 

 

The C2H2 molecule has been used as gain media since 1975 in both discharge 

[113] and optical pumping scheme [114]. Later a group at Kansas reported that C2H2 

gas was applied in a fibre gas laser with the emission at mid-infrared region of 3.1-

3.2 μm [115]. Based on population inversion, the optically pumped fibre gas laser 

achieved a slope efficiency of only a few percent mainly due to the high loss of the 

fibre. 

Recently, the Kansas group reported an OPA-pumped acetylene-filled 

Kagome-shaped hollow core fibre laser that achieved a highest energy of 1.4 μJ and 

the slope efficiency of 20% with a good beam quality of M2 = 1.15 [88]. 

 

2.2.3 C2H2 molecules 
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An acetylene molecule has 4 atoms and 12 degrees of freedom. Since the 

molecule is linear and symmetric, it has 5 vibrational states shown in Fig. 2-3. The 

energy levels of acetylene vibrational normal modes are named C2H2 (v1v2v3v4v5). Fig. 

2-3 shows five vibrational normal modes including three stretching modes v1v2v3 and 

two bending modes v4v5. Two bending modes are doubly degenerated as they could 

be simply created by rotating the molecule ninety degrees around the innernuclear 

axis.  

 

Fig. 2-3 C2H2 vibrational normal modes. 

Among these vibrational modes, a vibrational C-H symmetric stretch mode 

(v1) and a vibrational C-H antisymmetric stretch mode (v3) are of interest. The pump 

transition at 1.5 μm is the (00000) → (10100) transition which is one of the main 

topics in this thesis. It indicates the transition from the ground vibrational state to the 

overtone vibrational state of v1+v3. The potential lasing wavelength of 3.1 μm is 

obtained from (10100) → (10000) transition. There are several other possible dipole-

allowed transitions with the expected emission wavelengths presented in Table 1.  

Table 2 Several possible dipole allowed transitions of acetylene originating from the 

pumped state (10100). 
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Dipole allowed transitions Transition wavelength (μm) 

(10100) → (00000) 1.5 

(10100) → (00010) 1.6 

(10100) → (01000) 2.1 

(10100) → (00100) 3 

(10100) → (10010) 3.7 

(10100) → (11000) 7 

(10100) → (11010) 14 

 

An example of the energy level diagram is presented in Fig. 2-4 with the 

specific pumping wavelength of 1.5 μm and lasing wavelength of 3.1 μm. The blue P 

(9) arrow is pump transition from ground vibrational state (00000) to an upper 

vibrational state (10100) with a wavelength of 1.53 μm. The selection rules allow the 

rotational energy level with J=8. At the excited vibrational state, the non-radiative 

transition possibly occurs and returns to the ground state as the grey dash arrow 

shows. The potential lasing transition at 3.1 μm of acetylene can be obtained from 

(10100) to (10000). According to the rotational selected rules, the R branch and P 

branch transitions, corresponded to ΔJ=+1 and ΔJ=-1, make two possible lasing 

transitions of R (7) and P (9) at wavelengths of 3.12 μm and 3.16 μm [116].  

 

Fig. 2-4 A simplified energy level diagram of certain transitions of acetylene molecules: a P 

branch pump transition P (9) (blue arrow) from J=9 to J=8 (vibrational state 

(00000)→(10100)); two lasing transitions (red arrows) at R branch and P branch from J=8 to 

ΔJ=±1 (vibrational state (10100)→(10000)) [116]; the dash arrow indicates the non-radiative 
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transition back to the ground state; the black arrow stands for any other possible transitions 

of acetylene. 

At room temperature, on the basis of the Boltzmann distribution, maximum 

population occurs in the rotational state with J=9 for acetylene. R branch transitions 

with ΔJ=+1 occur at higher energies than P branch transitions, which means the R 

branch transitions have shorter wavelengths. It is intuitively seen from the absorption 

spectrum of acetylene with v1+v3 (10100) rotational-vibrational state shown in Fig. 

2-5. Q branch does not exist as explained in last section as there is no angular 

momentum associated with the vibrational modes in this linear molecule. 

 

Fig. 2-5 Normalized acetylene absorption spectrum ranging from 1510 nm to 1545 nm at 

room temperature, within R branch and P branch marked [117].  

The HITRAN database [117] provides some parameters from the transition 

(00000) to (10100) to calculate that the absorption cross section is between 

8.8 × 10−22 𝑚2 to 7.2 × 10−22 𝑚2 for pressures from 1 torr to 10 torr (1.33 mbar to 

13.33 mbar) at room temperature [97]. In the same way, the emission cross section 

for the transition (10100) to (10000) is estimated to be between 2 × 10−20 𝑚2 to 

1.4 × 10−20 𝑚2 for the pressure from 1 torr to 10 torr. The lifetime due to the 

spontaneous emission of the transition (10100) to (00000) is about 0.1 s and (10100) 

to (10000) is about 0.017 s. 

Collision induced energy transfer are also worth considering. The state to 

state rotational relaxation rate of acetylene molecules by a buffer gas of Ar is about 
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1 × 10−16 𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠−1𝑠−1 [118]. The vibrational relaxation rate for (00100) 

state has been reported to be the order of 10−19 𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠−1𝑠−1 without 

identified energy pathway of the collision [119]. 
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2.3 Conclusion 

Chapter 2 presents the development of gas lasers especially the optical 

pumped molecular lasers. Acetylene gas molecule properties are introduced as a gain 

medium. 

Gas lasers has two pumping methods including electrical discharge and 

optically pumped. Laser diode source is a good choice as a pump source which 

provides a wide range of wavelength. It also has a high slope efficiency and quantum 

efficiency. The disadvantages of the gas lasers are the short length of the gas-light 

interaction and the bulky system. 

Molecules have rotational and vibrational energy levels. Molecule gas lasers 

are based on vibrational-rotational transitions. Acetylene gas molecule has 5 

vibrational states (v1v2v3v4v5). In the mid-infrared laser, pump transition at 1.5 μm is 

(00000) → (10100) transition and the lasing wavelength of 3.1 μm is obtained from 

(10100) → (10000) transition. 
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CHAPTER 3 FABRICATION OF ANTI-RESONANT 

HOLLOW CORE FIBRES 

 

Unlike the traditional solid core fibres, hollow core fibre has a unique 

fabrication method called “stack and draw”. The fabrication process is presented in 

section 3.1. In 3.2, the transmission attenuation of the hollow core fibre is 

demonstrated in different wavelengths. 

 

3.1 Fabrication process of hollow core fibres 

 

3.1.1 Introduction of the fibre fabrication 

The manufacture of step index fibres starts with a doping process called 

modified chemical vapour deposition (MCVD) [126]. A traversing oxy-hydrogen 

torch heats a rotating tube of silica which is pumped through by high-purity gas 

mixtures. The amorphous particles caused by the hot zone deposit on the silica and 

form a pure layer. This procedure is typically repeated 30-100 times to build the 

cladding and the core from outside in layer by layer. After building up enough layers, 

the tube is heated again and collapses into a rod. 
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Fig. 3-1 Schematic diagram of a fibre draw tower. 

The fibre draw tower, as shown in Fig. 3-1, is used to turn the resulting rod 

into the fibre. The preform, or the rod, is held vertically over a furnace operating at 

approximately 2000°C softening the silica and allowing it to be pulled. The rod is fed 

into the furnace slowly by the feed machine, the silica becomes softened and is 

drawn down to a fibre, and the fibre size is regulated by a monitor. The fibre then 

goes through a coating applicator and is coated with polymer, which makes the fibre 

more flexible and durable. Finally, the fibre winds onto a rotating fibre drum after a 

series of capstan wheels. 

As photonic crystal fibres (PCFs) were developed, the manufacturing 

techniques have changed. The method for this kind of fibre is normally the stack and 

draw method. This technique was first used for fabricating speciality optical fibres in 

1974 [13]. Later in 1996, the first all silica single mode PCF was reported by 

fabricating with stack and draw technique [20]. This method offers high flexibility in 

fibre design, speed of fabrication and repeatability in either industry or laboratory. 
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Like the fabrication of PCF, HCF is also produced by stack and draw 

technique. The basic idea is to build a stack of a desired structure first and then draw 

it to a fibre with a smaller diameter. There are four steps to this fabrication method. 

 

  

 

Fig. 3-2 (a) Cross section of the designed stack. (b) Schematic of the stack process at one 

end, the other end is same. (c) Schematic of cane drawing process: the preform is drawn to 
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canes. (d) The process of cane to fibre: brass fitting for applying pressure is applied onto the 

top of the cane. The core and cladding are pressurized with different routes. 

 

1) Designing 

Firstly, the structure of the fibre is precisely designed. Take one of 

HCFs with 8 capillaries as an example. All material used in my fabrication 

were from the F300 fused silica from Heraeus with low concentration of OH- 

group [127]. The ideal cross section of the cane is that 8 capillaries touch 

their two neighbours and also the inner surface of the outer big tube as shown 

in  

Fig. 3-2 (a). All the capillaries are drawn from a commercial silica 

cylinder to the identical ones with smaller diameter.  

 

2) Stacking 

According to the designed pattern in the previous procedure, 8 

capillaries are inserted into another commercial silica tube which is called a 

jacket (shown in  

Fig. 3-2 (b)). To ensure the stack with eight capillaries does not 

collapse, another two short capillaries are inserted into the centre of the stack 

at each end to keep the capillaries separate. Usually the stack is 20 or 25 mm 

in outer diameter in practice. 

 

3) Drawing of cane 

Under a high temperature conditions, the amorphous material with 

fine structures is sensitive to collapse due to a large drawdown ratio. Since the 

stack diameter is much larger than the diameter of the fibre, there is an 

intermediate preform which is called cane. The stack is drawn to many canes 

with diameter and length of approximately 1mm and 1m respectively (shown 

in  
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Fig. 3-2 (c)). Sometimes the outer tube of the cane is too thin and can 

break. It is usually inserted to another tube with thick wall. 

4) Drawing of fibre 

In this process, the cane is assembled with a metal holder at one end. 

The metal holder set consists of three parts as shown in  

Fig. 3-2 (d). A very thin tube is fixed in the middle part of the metal 

holder set which sealed with glue. There is no air path between the core and 

cladding. Gases with different pressures fill the core and the cladding tubes 

respectively through the brass fitting. The homogeneous pressurized tubes 

ensure the fibre has a good structure. The furnace temperature, the gas 

pressures and the feed and draw speed need to be finely adjusted to make sure 

the fibre is uniform from the beginning to the end. The fibre outer diameter 

and the fibre tension are monitored during the drawing process. The bare fibre 

should be coated with a layer of polymer material immediately to prevent 

from breaking and enhance its strength. The drawing and coating part is 

completed in the same stage, the same as is used in fabricating step index 

fibres like Fig. 3-1. 

During the drawing process, the parameters of the core size and core 

wall thickness need to be calculated and controlled precisely to result in the 

desired transmission band. Moreover, the pressure should be controlled 

properly to avoid the capillaries inside from collapsing or being broken when 

drawing the cane to fibre. 

  



47 

 

3.1.2 Challenges of hollow core fibre fabrication 

Even though the negative curvature fibre is the simplest design of hollow core 

fibre, to fabricate a uniform one is challenging. Failures happen easily in any process 

and any aspect such as deformation of structure and collapsed holes. Making good 

canes are the foundation of the good quality of the HCF. Fusion between capillaries 

or the jacket tube and capillaries are important for good fibre fabrication. Some 

parameters should be mentioned during the process. 

 

1) Design of the capillary size 

Before we draw a real fibre, we need to design the fibre structure. The size of 

the capillary in the cane is calculated. In my experience, the diameter of the 

capillary less than 0.5% in variation is helpful for stacking. The uniformity of 

the capillaries is necessary as well. Oversized capillaries cannot be inserted 

into the tube while the undersized ones easily cause failure of forming 

negative curvature core wall. If the capillary is not uniform along the length, 

it means at some points it is oversized and at some other points it is 

undersized. It is easy to break when the capillary is inserted into the tube one 

after another. 

 

2) Low temperature 

In the fabrication process with a higher temperature, the silica glass has a less 

viscosity and a greater surface tension which may cause capillary collapse in 

the cladding. Lower temperature is a preference. In my fabrication of the 

cane, the furnace temperature is usually set between 1880℃ to 1920℃ which 

is a low temperature in silica glass fabrication.  In the fabrication of the fibre, 

the temperature is set between 1900℃ to 1920℃. 

 

3) Pressure control 
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In Fig. 3-2 (d), Pcore and Pcladding are the pressures in the core and the cladding 

separately. To make a fibre with good quality, Pcladding should be higher than 

Pcore. The core boundary is pushed from the capillaries to the core and forms 

the negative curvature shape. To make the pressurisation simple, Pcore is kept 

connecting the atmosphere and Pcladding is connected to nitrogen gas with 

higher pressure. The pressure difference is usually kept between 6 kPa and 

60kPa from my experience. 

During the fabrication process, these three points above are the keys to a good 

fibre. However, some other parameters and skills are still under investigating. Firstly, 

uniformity of the fibre is important for low loss transmission. Currently there is still 

no way to monitor the uniformity inside microstructure of the fibre. The only method 

is to monitor the outer diameter of the fibre during the drawing process. If the fibre 

outer diameter keeps in a stable value all the time, the fibre is assumed to be uniform. 

This method cannot detect the change of the microstructure of the fibre. When there 

are some defects inside the fibre, we have no idea to find out where it is. Secondly, 

the fibre with smaller size for short wavelength transmission is more difficult to 

fabricate. The degradation of the cladding structure usually happens during the 

fabrication. Too little silica material and too much surface tension may cause this 

problem. It is found that low furnace temperature and short time in the furnace are 

best ways to get rid of the degradation. However, it still need to be investigated in the 

future. 
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3.2 Fibre attenuation measurement 

 

3.2.1 Fibre attenuation experimental setup 

Cut-back measurements are usually employed to experimentally measure 

HCF attenuations. The schematics in Fig. 3-3 display the setups of the measurement. 

Usually HCF has multi transmission bands covering a wide range of wavelengths. 

The optical spectral analyser measures from 600 nm to 1700 nm while the 

monochromator (Bentham TMc300, with a 300 lines millimetre grating and a liquid 

nitrogen cooled InSb detector) measures longer wavelengths. That is the first 

difference between Fig. 3-3 (a) and Fig. 3-3 (b). 

 

 

Fig. 3-3 (a) Schematic of cut-back measurement by OSA (wavelength range: 600 nm ~ 1700 

nm); (b) Schematic of cut-back measurement by monochromator (wavelength range: 250 nm 

~ 5400 nm) 

The procedure of the cut-back measurement is simple: measure the output 

spectra before and after the cut-back. The input to the HCF should be kept the same 

at all times, and not disturbed. The fibre attenuation of the cut piece is expressed as: 
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 α (λ) =
1

∆𝐿
× 10 × log

𝑃2(𝜆)

𝑃1(𝜆)
  Equ. 3-1 

in which, ∆𝐿 is the cut fibre length. 𝑃1(𝜆) is the output power of original long fibre 

before cutback while 𝑃2(𝜆) is the power of the remaining fibre after cutback.  

The light source is an important component of the measurement. Firstly, the 

emission spectrum of the light source should cover the transmission range of the 

HCF. Normally a stable tungsten halogen bulb with high brightness acts as a 

broadband light source in my experiment.  

When the transmission bands of the fibre under test is below 1700 nm, a 

standard single mode fibre is used to transmit and butt-couple light into the HCF 

(shown as Fig. 3-3 (a)). When the transmission bands are above 1700 nm, the 

monochromator is employed to record the spectrum as Fig. 3-3 (b). In this case, the 

light source is directly coupled light into the HCF because the solid core fibre has an 

extremely high loss at longer wavelengths above 2000 nm. If the fibre under test is 

long enough and has multi transmission band covering from visible to mid-infrared 

region, two cut-back measurements with different setups (Fig. 3-3 (a) and (b)) are 

needed. 

There are some difficulties that we have to consider that may influence the 

results. Firstly, the cut fibre length is important. When the incoherent light with 

multimode is coupled into the HCF, several modes are transmitted in the first few 

meters and most high order modes leak out. Then the mode condition keeps stable in 

the rest of the HCF. Thus the cut point should be somewhere with stable 

transmission, which means it cannot be too close to the fibre input end. In addition, if 

the cut length is too short, the two spectra before and after cut-back have no 

significant difference, leading to inaccurate results. Secondly, bending loss is another 

factor which may affect the measurement accuracy. Keeping the fibre in a large loop 

diameter on the bench is an easy and effective way to prevent bending loss. In my 

experiment, the loop diameter is always larger than 1 m. 

 

3.2.2 Fibre attenuation experiment results 
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Take one of my measurements as an example. 

 

Fig. 3-4 Scanning electron microscope image of AR-HCF of 8 capillary cladding design with 

low loss transmission bands centred at 1 µm. The inscribed diameter of core region is about 

36 µm. 

Fig. 3-4 is a hollow core fibre fabricated for spatial modes investigation in 

Chapter 4. It is 57 m long with a 36 μm core diameter. According to Equ. 3-3 in 3.1.2 

related to the resonant (high loss) wavelengths, the calculated high loss wavelengths 

are 0.85 μm and 0.57 μm (m equals to 2 and 3 respectively) which are in agreement 

with the transmission spectra (shown in Fig. 3-5), with a refractive index of 1.419 

and call wall thickness of 0.85 μm.  

Since the first transmission band is around 1 μm. The spectral characteristics 

of this fibre are measured by an OSA (Ando AQ-6315A). The attenuation experiment 

set up is shown in Fig. 3-3 (a).  

 

Fig. 3-5 transmission spectra of the 8-capillary HCF with 57 m and 20 m in length. 
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In this cut-back measurement, the original fibre with 57 m in length was cut 

to 20 m, keeping the coupling condition still. As shown in Fig. 3-5, the transmission 

bands span from 650 nm to 750 nm and 870 nm to 1300 nm.  

 

Fig. 3-6 Attenuation of the 8-capillary HCF. 

In Fig. 3-6, the lowest attenuation is measured to be 0.07 dB/m at 1155 nm. 

The attenuation spectrum is calculated as Loss=10×log (P20 m / P57 m)/37 m. Below 

900 nm, there is a high loss band which is due to the structural loss feature which is a 

resonance of the core wall. 

This is the simple example of cut-back measurement with a transmission band 

using only OSA. In chapter 5, a HCF with two transmission bands covering both 1.5 

μm and 3.1 μm wavelengths needs two cut-back measurements including Fig. 3-3 (a) 

and (b). Details are given in chapter 5. Here are the transmission spectra measured by 

monochromator before and after the cut back (148 m and 30 m). 
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Fig. 3-7 Transmission spectra from 1300 nm to 4000 nm of a 10-capillary HCF used as gain 

fibre in Chapter 5. 

The absorption peaks can be obviously seen in the transmission band from 

3300 nm to 3700 nm in Fig. 3-7. This is consistent with the HCl gas absorption 

spectra both in wavelength and relative strengths according to the HITRAN database 

[128]. It is reasonable to assume that the HCl absorption peaks are from the initial 

material F300 which contains some Chlorine. A good way to remove these 

absorption peaks is to purge the fibre with nitrogen and keep it desiccated.  

In addition, other absorption materials in this HCF should be considered. CO2 

in the air core absorbs the light in the wavelength band between 4.2 μm and 4.3 μm 

[129]. At 2.69 μm and 2.76 μm wavelengths, there are two CO2 main absorption lines 

[129]. H2O vapour is another material absorbing the light at the wavelength around 

1.9 μm and 2.7 μm [127]. Silica has extremely high attenuation at wavelength above 

2.6 μm. As a result, the attenuation in the HCF at above 2.6 μm is significantly high 

due to CO2, H2O and silica absorption. Besides the gas absorption lines at mid-IR 

wavelength, HCF has a much lower attenuation than the standard silica core fibre, 

which makes HCF unique and very useful for many applications in this wavelength 

region. 



54 

 

3.3 Conclusion 

In this chapter, the process of the fibre fabrication is demonstrated in details. 

The transmission attenuation measurement of HCF is introduced. 

The stack and draw technique is a general method for hollow core fibre 

fabrication. It usually has four steps including designing, stacking, draw of cane and 

draw of fibre. Three key skills and parameters are discussed to confirm a high quality 

fibre such as size design, low temperature and pressure control. Currently there are 

some fabrication problems unsolved including the uniformity monitoring and 

degradation in the HCF for short wavelength. 

Cutback measurement is a general method for measuring the attenuation in 

the HCF. It is firstly introduced in theory. In the experiment, the hollow core fibre is 

made with the transmission window at 1μm which matches the theory. The 

attenuation is around 0.07 dB/m at a wavelength of 1155 nm. Other absorption 

materials in this HCF transmission are also introduced. 
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CHAPTER 4 SINGLE MODE PERFORMANCE IN 

HOLLOW CORE FIBRES 

 

Hollow core fibres typically have no specific cutoff at all spatial modes. 

Different modes are lost with different attenuations along the fibre length during the 

light delivery. To achieve single mode operation, as required by the applications, a 7-

capillary negative curvature hollow core fibre is investigated and proved to guide 

light in a single mode over a short length of transmission. To fully understand the 

modes in the fibre, an S2 imaging measurement is used to detect the mode shape. In 

section 4.1, the background, principle and experimental setup of the S2 imaging 

measurement are described. In section 4.2, the modes in 7- and 8-capillary HCFs are 

compared by adopting the S2 imaging measurement. 

 

4.1 S2 imaging measurement 

 

4.1.1 Background of S2 imaging measurement 

Today, specific attention has been paid to the modal characteristics of the 

fibre laser beam. While single mode fibres are known for their excellent beam 

quality, multimode fibres, which enable containment of higher order modes and 

support a higher power, can decrease the beam quality.  

M2 is a typical parameter used to describe the quality of the beam. When M2 

has a very low value (close 1), the beam can be considered as an equivalent to a 

single mode operation with a stable beam. However, it is still possible to achieve a 

low value even when the fibre contains a large number of higher order modes. M2 

also varies when the phase of the modes change. 
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In the past few years, beam quality measurements have rapidly developed in 

terms of accuracy [130]. With the development of the optical devices technique, the 

optical correlation analysis relying on the correlation filter method can even be used 

in real time. Such optical correlation methods include computer-generated holograms 

[131] and spatial-light modulators [132]. However, this method is still limited by the 

speed, accuracy and price of the hardware. 

There are also several numerical methods which can decompose the mode 

content. Numerical techniques can retrieve the phase of an optical field from one 

simple intensity profile [133]. There are different algorithms that can do this such as 

[134, 135]. The most promising one among them is the stochastic parallel gradient 

descent (SPGD) algorithm [136] which can perform an accurate mode decomposition 

in on-line real time [137]. However, it can only be applied in certain fibres in which 

their modes can be determined in advance and using that information it can then 

reconstruct the mode pattern. This technique cannot be applied to some novel fibres 

whose modes are unknown, such as hollow core fibres. 

Certain traditional techniques are still widely used, including the use of ring-

resonators [138], S2 [52] and C2 [139] imaging methods which are based on 

multimode interference. The last two methods can provide very accurate mode 

contents both in amplitude and phase without assuming any optical properties of the 

test waveguide. The principle of these two methods is similar, which is analysing the 

interference between each mode. The difference between them is that the S2 uses the 

fundamental mode of the test fibre as its reference mode, while the C2 employs an 

external reference beam propagated in a single mode fibre. 

As it is shown in the following section, an S2 imaging method is capable of 

simultaneously imaging multiple, coherent, higher-order modes propagating in 

hollow core fibres. Not only can different types of mode patterns be reconstructed, 

but the Multi-Path Interference (MPI) levels can be quantified as well. In addition, it 

will be demonstrated later how the modes change when the fibre bends.  
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4.1.2 Principle of S2 imaging measurement 

Spatially and spectrally resolved imaging, or simply the S2 imaging method, 

can be used to decompose the mode content [52, 140]. When the light propagates in 

optical fibres, different modes can be identified by the group delay difference. This 

can lead to both a spectral interference pattern with a broadband source and an 

apparent spatial interference fringe visibility between the high order modes and the 

fundamental mode.  

The setup of the method can be described as follows: light from a broadband 

source is launched into the fibre under test. At the exit of the fibre, the beam is 

imaged onto the end of a single mode fibre (SMF) which is coupled into an optical 

spectrum analyser (OSA). The SMF which acts as a probe is placed on an automated 

translation stage that moves the fibre end in x and y direction. At each (x, y) point, 

the optical spectrum can be measured by the OSA. 

Assuming that two modes overlap spatially at one (x, y) point, they should 

have a spectral interference pattern due to the group delay difference between the two 

modes in the test fibre. The wavelength spectrum at that point should then be 

transformed to the frequency domain. After using the Fourier transform, the plot of 

this point can depict different mode beats at different group delay differences. The x 

axis of the Fourier transform needs to be normalized by the fibre length to obtain the 

group delay differences in unit of ps/m. 

In theory, the group delay t is given as the reciprocal of the group velocity vg 

[52]:  

 𝑡 =
1

𝑣𝑔
=

𝑑𝛽

𝑑𝜔
=

𝑑𝛽

𝑑𝜔
|
𝜔=𝜔0

+ (𝜔 − 𝜔0)[
𝑑2𝛽

𝑑𝜔2
]𝜔=𝜔0 Equ. 4-1   

in which 𝜔 is the frequency and 𝛽 is the phase constant for a wave. The first 

term in the equation is the modal group delay for a specific frequency and the second 

term is induced by the wavelength dispersion. 

The group index of the material is defined as 

 𝑁 ≡ 𝑛 − 𝜆
𝑑𝑛

𝑑𝜆
   Equ. 4-2     
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or 

 𝑁 ≡ 𝑛 + 𝑘
𝑑𝑛

𝑑𝑘
=

𝑑(𝑛𝑘)

𝑑𝑘
=

𝑑𝛽

𝑑𝑘
= 𝑐

𝑑𝛽

𝑑𝜔
  Equ. 4-3 

From the equations above, group delay differences between two modes can be 

expressed as 

 ∆𝑡 = 𝑡2 − 𝑡1 =
𝑑𝛽2

𝑑𝜔
−
𝑑𝛽1

𝑑𝜔
 Equ. 4-4 

Using the group index equations, the group delay difference is derived as  

 ∆𝑡 =
1

𝑐
[(𝑛2 − 𝑛1) + 𝜆(

𝑑𝑛1

𝑑𝜆
−
𝑑𝑛2

𝑑𝜆
)]  Equ. 4-5 

In this equation, the mode index can be calculated via the equation from 

chapter 3. 

Multi-path interference (MPI) is a well-known impairment in optical 

communications systems that is caused by the beating of signals. It is defined as the 

ratio of powers of two modes, MPI=10×log10[PHOM/PFM] [141]. In this equation, 

PHOM is the power of high order modes while PFM is the power of fundamental mode. 

In order to calculate the relative power in each mode, Fourier transforms of the 

measured optical spectra are used. We assume two modes are present with spatially 

and frequency dependent amplitudes, A1(x, y, ω) and A2(x, y, ω), related by a constant 

α(x, y) which is assumed to be independent of the wavelength, such that 

 𝐼2(𝑥, 𝑦, 𝜔) = 𝛼2(𝑥, 𝑦)𝐼1(𝑥, 𝑦, 𝜔)  Equ. 4-6 

If the group delay difference between two modes in assumed to be 

independent of frequency, the spectral intensity caused by interference between the 

two modes can be written as 

 𝐼(𝑥, 𝑦, 𝜔) = 𝐼1(𝑥, 𝑦, 𝜔)[1 + 𝛼
2(𝑥, 𝑦) + 2𝛼(𝑥, 𝑦)cos (𝜏𝑏𝜔)]  Equ. 4-7 

where the τb is the period difference of the frequency between the two modes caused 

by their relative group delay difference. The Fourier transform can be written as 

𝐵(𝑥, 𝑦, 𝜏) = [1 + 𝛼2(𝑥, 𝑦)]𝐵1(𝑥, 𝑦, 𝜏) + 𝛼(𝑥, 𝑦)[𝐵1(𝑥, 𝑦, 𝜏 − 𝜏𝑏) + 𝐵1(𝑥, 𝑦, 𝜏 + 𝜏𝑏)] 

  Equ. 4-8 
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where 𝐵1(𝑥, 𝑦, 𝜏) = ℱ{𝐼1(𝑥, 𝑦, 𝜔)} is the Fourier transform of the optical spectrum of 

a single mode.  At a certain (x, y) point, the ratio f(x, y) is defined as the amplitude of 

the Fourier transform of the spectral intensity at the group delay difference of interest 

divided by the amplitude at zero group delay. The ratio can be written as 

 𝑓(𝑥, 𝑦) =
𝐵(𝑥,𝑦,𝜏=𝜏𝑏)

𝐵(𝑥,𝑦,𝑧=0)
=

𝛼(𝑥,𝑦)

1+𝛼2(𝑥,𝑦)
  Equ. 4-9 

So 𝛼(𝑥, 𝑦) can be expressed as 

 𝛼(𝑥, 𝑦) =
1−√1−4𝑓2(𝑥,𝑦)

2𝑓(𝑥,𝑦)
 Equ. 4-10 

The total intensity 𝐼𝑇(𝑥, 𝑦) of the two modes measured in the OSA at a given 

(x, y) point integrated over the measurement bandwidth is the sum of the individual 

mode intensities: 𝐼𝑇(𝑥, 𝑦) = 𝐼1(𝑥, 𝑦) + 𝐼2(𝑥, 𝑦) . The intensity of each mode can be 

written as 

 𝐼1(𝑥, 𝑦) = 𝐼𝑇(𝑥, 𝑦)
1

1+𝛼2(𝑥,𝑦)
  Equ. 4-11 

 𝐼2(𝑥, 𝑦) = 𝐼𝑇(𝑥, 𝑦)
𝛼2(𝑥,𝑦)

1+𝛼2(𝑥,𝑦)
  Equ. 4-12 

Therefore, at each (x, y) point, 𝐼1(𝑥, 𝑦) and 𝐼2(𝑥, 𝑦) can be calculated and the 

total MPI calculated from 

 𝑀𝑃𝐼 = 10𝑙𝑜𝑔 [
∬𝐼2(𝑥,𝑦)𝑑𝑥 𝑑𝑦

∬ 𝐼1(𝑥,𝑦)𝑑𝑥 𝑑𝑦
] Equ. 4-13 
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4.1.3 S2 imaging measurement setup 

In order to set up an experiment to acquire the image of the transverse beam 

profile, the first experiment to measure intensity distribution should be done. It is 

used to find the position of the beam waist in the x-y plane. The experimental setup is 

shown in Fig. 4-1. 

 

Fig. 4-1 Schematic of the intensity experiment setup. 

In this experiment, the light source is a supercontinuum laser (Fianium 

SC400) which is stable and provides broadband light. After passing through a 

polarizer to make the light polarized and a long pass filter to eliminate the short 

wavelength light, the beam is coupled into the hollow core fibre under test. 

The beam is then magnified using a set of lenses and is passed through 

another polarizer before arriving at the end of an SMF. The working lengths of two 

lenses are 9.01 mm and 160 mm. The magnification is 17.8. It means the beam spot 

diameter is 30 μm at the output of the fibre and it will be around 500 μm after the 

magnification. A mirror and a CCD camera are used to check whether the power of 

the light is almost in the core and how the beam profile looks like. Since the waist of 

the beam leads to the least error [140], the camera is also used to find the proper 

place of the beam waist. When the beam in the camera looks good enough, the light 

should pass directly into the SMF. The distance between both the SMF end and the 

camera with respect to the second magnification lens should be the same to ensure 

that the SMF captures the image of the beam waist. The SMF is connected to the 

detector to allow the power of each (x, y) point to be measured. The signal is 

amplified and the data is transmitted into the laptop. A LabView programme is 
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designed to automatically control the x and y scanning stage and acquire the data. 

The x and y scanning stage, consisting of a Newport controller and PI controller and 

it is set to scan a plane array of 20×20 points. 

The scanning stage should be moved slightly along the beam axis to ensure 

the power that acquires it is all from the waist of the beam. The way to find the waist 

is simple: a whole image of intensity distribution for different z positions close to the 

waist should be scanned and the full width at half maximum (FWHM) of the beam 

needs to be measured. The waist is at the z position where the FWHM has the 

smallest value. 

To test how the system works and the accuracy of the measurement, HCFs 

with 2 m and 19 m in length are used to analyse the mode property respectively. The 

beam intensity distribution of the 19 m HCF is shown in Fig. 4-2. The cross of the 

grid is each (x, y) point. The plot is made up of 400 points with their own power data. 

 

Fig. 4-2 the spatial pattern of the beam intensity distribution in 3D and 2D plot. 

The S2 imaging experiment setup Fig. 4-3 follows the one above. After 

acquiring the beam intensity distribution, the next step is to modify our experimental 
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setup for an S2 imaging experiment. The setup is exactly the same as the one in Fig. 

4-1 except that the detector is replaced by an optical spectrum analyser (OSA). The 

OSA can acquire spectrum information at each point and transmit it to the laptop. 

Another LabView programme is written to control both the stage and the OSA. The 

OSA is set as follows: Resolution: 0.02 nm; sensitivity: high 2; data: 501 points at 

each (x, y) position. The wavelength range is set 1075-1085 μm to obtain a group of 

data. Then it is set to 1040-1050 μm (without the long pass filter) to get another 

group of data for comparison. The whole measurement process lasts about 1.5 hours 

since there are 400 points to measure and each point takes 10 seconds.  

 

Fig. 4-3 Schematic of the S2 imaging setup. 

 

4.1.4 S2 imaging measurement results 

A typical optical spectrum measured at an arbitrary (x, y) point is plotted in 

Fig. 4-4. The wavelength range is 10nm between 1075-1085 μm. It is known that the 

fringes, shown in Fig. 4-4, are caused by the interferences between two different 

modes. The theory suggests [52], the longer the fibre is, more fringes the plot has.  

By using two different lengths (2 m and 19 m) of the same fibre, the theory is 

confirmed (Fig. 4-4). More interference fringes result in more accurate figures after 

the Fourier transform. However, the fibre should not be too long because we are 

limited by the resolution of the OSA. For the 2 m long fibre, there are 13 cycles in 

the 10 nm wide spectrum, which means 0.77 nm/cycle. Assuming that only 4 points 

decide a cycle, the maximum resolution of the OSA is 0.02 nm. So a cycle should be 
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no shorter than 0.08 nm. Thus, the fibre length we prefer is 0.77×2/0.08=19.25 m at 

most. That is the reason of choosing the 19 m long fibre for the experiment. 

 

Fig. 4-4  Typical optical spectrum measured at an arbitrary (x, y) point. 

Fig. 4-5 show the Fourier transforms of the optical spectra in Fig. 4-4 from 

the 2 m (left plot) and 19 m (right plot) fibres. Fourier filtering is used to pick out 

different peaks of interest. The horizontal axes are scaled by the fibre length to obtain 

the group delay difference in units of ps/m. As shown in Fig. 4-5, the plot obtained 

from the longer fibre piece provides better resolution (more points) than the shorter 

piece. This agrees with the theory in last paragraph, suggesting that having more 

interference between the modes, leads to a better resolution. The fibre used for these 

two measurements is the same (the only difference is the length) therefore we would 

expect that the peaks in the two plots should be at the same x positions. Fig. 4-5 

indicates that this is the case which means the method used to discover the group 

delay is reliable. 

 

Fig. 4-5 the Fourier transform of the optical spectrum in Fig. 4-4 
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Each point in the array has its own Fourier transform like Fig. 4-5. By adding 

all the transforms from each point together, the plots shown in Fig. 4-6 are produced. 

Both plots show two peaks which may be related to some certain modes of interest. 

 

Fig. 4-6 the sum of the Fourier transform of each point. 

To illustrate what the modes at each peak look like, Fig. 4-7 shows the 

patterns which consist of the power at each point in the array with a different group 

delay for the 19 m fibre piece. The upper pattern shows all the modes mixed together. 

Since the delay difference is zero at that peak, the modes can only beat with 

themselves. The reason that it seems to be a fundamental mode is that the power of 

fundamental mode has a large proportion of the total power. At the second peak, the 

pattern is like LP11 mode. It is the group delay difference between the fundamental 

mode and LP11 mode. Similarly, the LP21 mode pattern can be observed using the 

second peak. The results obtained from the 2 m fibre are the same. 

In this way, it is easy to decompose the transverse modes in space as well as 

in spectrum. Unlike other methods, if there is sufficient time to acquire enough data, 

it is possible to discover all the modes which can be transmitted in the fibre.   
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Fig. 4-7 The 19 m long fibre’s Fourier transform sum at each point and the mode patterns at 

the zero delay position, first peak and second peak. 

Comparing the previous results to a shorter wavelength in Fig. 4-8, the delay 

time at each peak is shorter when the measurement shifts to a shorter wavelength: 

1040-1050 nm. It can be inferred that the dispersion is related to the wavelength.  
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Fig. 4-8 the delay time of each peak measuring in two different wavelength ranges: 1040-

1050 nm (above) and 1075-1085 nm (below). 
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Using this experimental setup, the mode properties of the fibre can be 

examined while it is bent. The results are shown in Fig. 4-9. It is obvious that there 

are two peaks in each plot. The changes of these peak represent changes in the power 

proportion of each mode. We have determined that the first peak is LP11 and the 

second one is LP21. When the fibre is naturally straight, the two modes peaks are 

nearly at the same height. After bending at a diameter of 105 mm, the LP11 mode has 

more power than in the first plot. Interestingly, the power of the LP11 becomes even 

higher when the bending diameter is decreased. On the other hand, the LP21 mode 

starts to lose power and even at 56 mm the LP21 power is low. However, at 32 mm 

bend diameter the power for both the LP11 and the LP21 is very low. Therefore, the 

mode properties can be described as follows: when the fibre starts to bend, the power 

in higher order modes is transferred to lower order modes. However, below a 

bending limit the power decreases for all higher order modes. 

 

 

Fig. 4-9 The Fourier transform from 2 m fibre when bent in different diameters: naturally 

straight, 105 mm, 56 mm, 32 mm. 

However, errors cannot be neglected when using this versatile method to 

calculate the MPI value [141].  
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Firstly, multiple reflections from optical elements should be taken into 

consideration. For instance, if a lens is inserted into the optical path, a fraction of the 

beam will undergo a weak double reflection on the dielectric surface and that will 

produce very weak multiple double reflections. These weak reflections can be 

ignored while the first double reflection cannot. The first double reflection, which 

acts as a “virtual HOM”, propagates parallel to the original beam. However, since the 

induced error of the MPI can and should be subtracted, its power and delay can be 

easily calculated by Fresnel and Snell Equations. The angle of the incident light is 

relevant and the power is very sensitive to small angle deviations, making it difficult 

to measure in practice. 

Secondly, errors can also be introduced by the S2 algorithm sampling. Among 

all types of Fourier transform available, the most widely used is Fast Fourier 

Transform (FFT) which is easily calculated using MatLab. The samples should be 

equally spaced in frequency domain as required by the FFT. The OSA we use can 

only measure in equally spaced wavelength data points, rather than in frequency. 

Therefore, a conversion of equally spaced data in wavelength to equally spaced 

frequency is needed. A polynomial spline interpolation is used to resample it 

effectively, as it is easy to realize. 

Besides this, Fourier transform based systems are known to suffer another 

effect named spectral leakage can introduce additional error. It occurs when the 

samples are not enough to cover an integer wave. When the parameters of the 

sampling in OSA are optimized as discussed in the previous paragraph, the error can 

be reduced. 

In addition, in order to plot a clear and accurate figure of the modes’ patterns, 

the probe array need to be refined. At present, the image we get is 380×380μm large 

containing 20×20 points. The distance between each point is 20 μm, while the core 

diameter of the probe is only 4 μm. If we insert more points into the array, more 

details can be seen and a more real image can be achieved. However, due to the limit 

on the OSA measuring time, 400 points takes 1.5 hours. If we increase the array to 

30×30 points, it will take more than 3 hours to finish, which means the light source 

may become unstable. 



69 

 

4.2 Single mode performance in HCFs 

4.2.1 Background of the Mode coupling in HCFs 

Hollow core fibres trap the light in the core with the confinement mechanism 

called ‘ARROW’ guidance (details are given in section 3.1.2). In fact, unlike solid 

core fibre, no mode cut-off condition occurs in the hollow core fibres so all the 

modes can be transmitted in the hollow core with different attenuations. Suppression 

of high order mode transmission in short length of HCF is challenging. High order 

mode transmission in the HCF degrades the beam quality and limits the applications 

of the fibre. 

The basic idea to get rid of higher order modes is based on coupling between 

the high order modes in the core and the fundamental mode of the cladding. The 

theory was firstly applied to explain the mode transmission in photonic bandgap 

hollow core fibres with one main core and two shunt cores embedded in the cladding 

[44, 142] and then phase matching to optimize the single mode guidance [45]. 

Anti-resonant hollow core fibres with negative curvature cladding have 

simple and flexible cladding designs for high order modes suppression. Some designs 

with a layer of cladding were systematically studied in theory and simulations [28]. 

Later, the higher order modes were simulated and found to be supressed by tuning 

the thickness of the cladding in negative curvature hollow core fibres [46]. Then the 

number of capillaries in the cladding was theoretically studied and 6-capillary HCF 

was predicted to be optimal for broad band single mode guidance [47]. They also 

experimentally demonstrated this kind of fibre with single mode transmission but the 

loss was 0.18 dB/m at 1.6 μm which was not low enough for many applications [47]. 

HCF with 7 non-touching capillaries was also numerically and experimentally 

demonstrated to have a  minimum loss of 30 dB/km at 1090 nm which was suitable 

for beam delivery [49]. The suppression of the LP11 mode and other higher order 

modes was achieved only by bending the fibre because the core size of the fabricated 

fibre was different from the designed one and the LP11 mode was not coupled out 

into the cladding without bending [49]. Recently a similar hollow core fibre with 7 

capillaries was reported with an octave spanning bandwidth and a minimum 
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attenuation of 25 dB/km at 1200 nm [143]. In this paper, a S2 imaging measurement 

was applied to analyse the modes transmission in 3 m and 100 m fibres, indicating 

that a long piece of fibre had good single mode performance [143]. Our work also 

reported single mode transmission in a 7-capillary negative curvature HCF [50]. 

The challenge of fundamental mode confinement is in finely tuning the 

cladding structure for phase matching between the core high order modes and 

cladding modes not only in design but also in the fabrication process. In fact, higher 

order modes (except the LP11 mode) are intrinsically difficult to excite and have 

much higher attenuation rate. To strip the LP11 mode is of particular importance. In 

my thesis, two different fibre designs are demonstrated and compared in terms of 

their transmission loss and single mode performance. An S2 imaging experiment is 

used to confirm good single mode transmission in 7-capillary negative curvature 

hollow core fibre. 

 

4.2.2 Fibre design and fabrication 

                 

Fig. 4-10 Schematics of the 8-capillary (left) and 7-capillary (right) hollow core fibre design.  

Fig. 4-10 is the generic models to explain the principle of single-mode design.  

The basic idea behind the design is to achieve phase-matching only between 

unwanted higher-order modes and cladding modes without disrupting the 

fundamental core mode. Marcatili’s formula [12] is used to calculate the effective 

refractive index of different modes: 

 𝑛𝑒𝑓𝑓 = 1 −
1

2
(
𝑉𝑣𝑚𝜆

2𝜋𝑟
)
2
  Equ. 4-14 
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in which 𝜆 is the wavelength, 𝑟 is the radius of core, 𝑉𝑣𝑚 is the mth zero root of first 

kind of Bessel function of (v-1) order. 

 In a traditional design of AR-HCF, 8 capillaries form the cladding. Higher-

order modes, especially the LP11 mode are commonly found even in a long length of 

fibre. When we change the number of the capillaries from 8 to 7, the core diameter 

becomes smaller while the capillary diameter becomes bigger as  
𝒅𝟏

𝑫𝟏
<

𝒅𝟐

𝑫𝟐
. In this 

case, the cladding mode effective indices rise up closer to the core higher-modes. In 

this case, the higher-order modes would experience even higher loss by coupling to 

cladding modes. After a short distance of transmission, the power of higher-order 

modes quickly dissipates leaving only the fundamental mode in the core. 

 

Fig. 4-11 Numerically simulated refractive indices of the core and cladding modes in HCFs 

with 8 capillaries (left) and 7 capillaries (right); the models are same as in Fig. 4-10. 

Fig. 4-11 is the numerical simulation of the core and cladding modes in the 

HCFs with 8 capillaries and 7 capillaries at a wavelength range from 1000 nm to 

2000 nm. The dashed lines are the cladding modes refractive indices which are 

intrinsically smaller than the core modes’ solid lines according to Equ. 4-14. As the 

cladding area becomes larger (from 8 to 7 capillaries), the cladding effective indices 

increases. The first dashed line which presents the LP01 mode in the cladding 

becomes higher and gets close to the LP11 core mode’s refractive index. In this case, 

the LP11 core mode becomes much easier to couple into the cladding and leaked 

away from the fibre. In this way, all the high order core modes in the 7-capillary HCF 

dissipate simply from the core. 
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Fig. 4-12 SEM of fabricated hollow core fibres with 8 capillaries (left) and 7 capillaries 

(right). These two fibres transmit at 1 μm. Left: 8-capillary HCF design with an inscribed 

dimeter D1 of 36 μm. Right: 7-capillary HCF design with long and short axes of 28 μm and 

25.5 μm. 

To demonstrate the single mode guidance design, we fabricated two AR-

HCFs, one with 8 capillaries in cladding and the other with 7 (SEM pictures are 

shown in Fig. 4-12). Two fibres were drawn in a similar fashion to that described in 

chapter 2. The final fibres have the d/D ratio: 0.41 for the 8 capillary fibre and 0.58 

for the 7-capillary fibre. 

The transmission properties of the 8-capillary HCF are introduced in Chapter 

2. The attenuation is 0.07 dB/m at a wavelength of 1155 nm, found using a cutback 

measurement. As for the 7-capillary HCF, the same cutback measurement was taken 

with the fibre cut from 45 m to 10 m. The fibre attenuation is as low as 0.025 dB/m at 

around 1064 nm which is similar to the previous report of lowest attenuation of 0.026 

dB/m at 1041 nm in 8-capillary HCF [35]. The attenuations of two fibres used in the 

experiment are presented in Fig. 4-13. 
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Fig. 4-13 Fibre attenuations measured by cutback measurement of 8-capillary HCF and 7-

capillary HCF [50]. 

 

4.2.3 Near field images detected by CCD camera 

To demonstrate the mode property in the HCF, near field images of two HCFs 

are obtained by a CCD camera. First, a supercontinuum is used as the light source. A 

single mode fibre with a cut-off wavelength of 630 nm is employed to butt-couple to 

the input end of the HCF under test. The transverse position of the single mode fibre 

is controlled by an X-Y stage and is scanned across the core diameter of the HCFs in 

steps of 5 μm. A 10 nm bandpass filter centred at 1050 nm is used before the CCD 

camera. 
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Fig. 4-14 Near filed images of the fibre output end under a 1D input scan with a spatial step 

of 5 μm: (a) 11.5 m 8-capillary HCF; (b1) 11.3 m 7-capillary HCF; (b2) 1.02 m 7-capillary 

HCF [50]. 

Fig. 4-14 (a) shows the mode transmission property of 8-capillary HCF. 

Firstly, the single mode fibre is butt coupled to the cladding of the HCF and higher 

order modes are excited. The first pattern is LP31-like. As the single mode fibre 

output end moves from the cladding of the HCF to the centre of the core, higher 

order modes (LP31 mode) are eliminated and the LP11 mode is identified. When the 

single mode end is aligned to the centre of hollow core in HCF, the near field 

patterns are almost those of a LP11 mode with different polarizations. When the 

single mode fibre output end moves away from the centre of the hollow core, higher 

order modes are excited again. 

Comparing 7-capillary HCF with a similar length of 11.3 m shown in Fig. 

4-14 (b1), the misalignment of single mode fibre and HCF only causes a change in 

intensity of the LP01 mode rather than the different higher order modes excitation. 

The LP21 mode is observed in Fig. 4-14 (b2) with only a 1.02 m length of the 7-

capillary HCF. In fact, 7-capillary HCFs with a length of less than 3 m transmit high 

order modes which can be detected by camera. By applying the offset butt-coupling, 

the LP21 mode with 2 dB/m attenuation at 1064 nm is confirmed by cutback 

measurement, which is nearly 100 times greater than the attenuation measured for the 
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LP01 mode. During the measurement of 7-capillary HCF, there is no evidence of LP11 

mode even with a short piece of the HCF. 

 

4.2.4 Demonstration of single mode guidance by S2 measurement 

S2 imaging measurement for HCF is introduced in chapter 4.1 which will be 

adopted in this section to confirm the mode contents of HCFs. The experiment setup 

is exactly same as in Fig. 4-3. The fibres under test are 11.5 m of 8-capillary HCF 

and 11.3 m of 7-capillary HCF introduced in the previous section. The measured 

spectral window ranges from 1078 nm to 1082 nm. 

 

Fig. 4-15 (a) S2 measurement result of 11.5 m 8-capillary HCF: different modes normalized 

amplitude as a ratio of their group delay; (b) the constructed mode profile at zero delay 

position; (c) the constructed mode profile at first group delay peak of 1.352 ps/m [50]. 

Fig. 4-15 shows the S2 measurement results of 11.5 m 8-capillary HCF. The 

fibre under test is rewound in circles over 1 m in diameter on the optical bench to get 

rid of extra bending loss. At zero delay position, the reconstructed mode profile 

(shown in Fig. 4-15 (b)) is all the modes together. Since the fundamental mode has 

the largest proportion of the total power in the optimized excitation fashion, the mode 

profile looks like the LP01 mode. At 1.352 ps/m mode group delay, a significant peak 
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indicates a high order mode that is found to be the LP11 mode in the reconstructed 

modal intensity pattern. This time delay is caused by the modal interference between 

LP01 mode and LP11 mode. 

 

Fig. 4-16 S2 measurement result of 11.3 m 7-capillary HCF with the constructed mode 

profile at zero group delay position [50]. 

7-capillary HCF with a similar length of 11.3 m and optimised excitation is 

measured in the same condition as the 8-capillary HCF. S2 measurement results are 

shown in Fig. 4-16. The only reconstructed mode profile is found at zero group delay 

position. It looks like the LP01 mode as the beam contains a large portion of 

fundamental mode. However, there is no significant peak at all in the S2 

measurement. No modal interference between LP11 mode and LP01 mode is present. 

At a group delay of around 6 ps/m, there are two small peaks indicating the LP21 

mode of two polarizations as predicted by Equ.4-14. The mode intensity is too weak 

to reconstruct the identified patterns. Single mode performance is confirmed at 

different wavelengths (990-994 nm, 1078-1082 nm and 1150-1154 nm). As 

mentioned in the previous section, S2 measurements cannot be used with arbitrary 

fibre lengths: peak details with low resolution are easily lost in fibres of short length. 

Based on the S2 measurement results, similar 7-capillary HCF for other short 

wavelengths were drawn [50]. The minimum attenuations of these fibres are lower 



77 

 

than any previously reported in their spectral windows [56]. Near field patterns are 

collected to confirm single mode performance in all fibres. 
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4.3 Conclusion 

In this chapter, S2 imaging measurements are introduced in detail to present 

the modes in the HCF. Single mode transmission principles are investigated in theory 

and experimentally. In the experiment, HCFs with different lengths are measured. It 

is found that the fibre length cannot be either short or long. Fibres as short as 2 m 

will miss some information of the mode contents while fibres longer than 19 m will 

have some misleading information of the mode because of the resolution limitation in 

the OSA. 

 By comparing the mode guidance in 8-capillary and 7-capillary HCF, 7-

capillary HCF demonstrates better performance in single mode transmission with 

lower attenuation. The LP21 mode in a short piece of fibre shows an attenuation of 2 

dB/m through the fibre. The LP11 mode is free in this kind of HCF. Thus, 7-capillary 

HCF is an important improvement in HCF for mode control. 
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CHAPTER 5 MID-INFRARED GAS FILLED FIBRE 

LASERS  

 

In this chapter, the development of the gas filled mid-infrared fibre lasers are 

introduced in details in section 5.1. In section 5.2, a ring cavity based gas filled fibre 

lasers is demonstrated and the output results are presented. Section 5.3 demonstrates 

the laser setup with single pass ASE configuration. An output spectrum and the 

output power along the increasing incident power is presented. Another experiment 

of pump absorption is shown in section 5.4 as a fibre side scattering measurement. 

Then the optimization of the laser with the highest output power is presented in 

section 5.5. 

 

5.1 Introduction of acetylene filled fibre lasers 

The advantages of the gas fibre lasers have been introduced in Chapter 1. The 

acetylene filled fibre lasers generate the emission in the mid-infrared region. They 

have been demonstrated in both pulsed regime [66, 67, 88] and the CW regime [59]. 

 

5.1.1 The pulsed lasers 

In 2010, mid-IR laser emission from a C2H2 filled hollow core photonic 

crystal fibre was reported for the first time [144]. From then on, pulsed gas fibre laser 

has been studied based on population inversion [145]. Both C2H2 and HCN were 

studied as the gain media in the mid-IR gas fibre lasers. Since they have similar 

molecule structures and energy levels, their absorption region is at 1.53 μm and 

lasing region is at 3.1 μm [65]. Both of them are commonly demonstrated pumped by 

an OPA/OPO [88]. Recently, by pumping with a narrow-bandwidth OPA at 1.53 μm, 

1.4 μJ pulse energy at 3 μm was obtained in a 10 m long acetylene-filled AR-HCF of 

single-pass configuration. A constant 20 % slope efficiency was observed unaffected 
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by the acetylene pressure which could be explained by the balance of increased 

molecule density and reduced lifetime of laser upper level when pulsed pump 

entering the transit regime. M2 factor of the output beam was measured as low as 1.2. 

Another efficient mid-IR acetylene filled fibre laser emission has been 

reported with a bespoke amplified, modulated, narrowband, tunable 1.5 μm diode 

laser in 2014 [66]. A maximum power conversion efficiency of 30 % was achieved 

with a 10.5 m gain fibre at 0.7 mbar. A pump laser energy threshold is below 50 nJ 

and the maximum efficiency is 20 % as a function of the total incident power. 

In 2016 the acetylene filled fibre pulsed laser based on a ring cavity 

configuration was demonstrated [67]. A 100 m feedback fibre with low loss of 0.025 

dB/m over the laser wavelength band was used to form the cavity. Using an average 

pump power of <100 mW and synchronous pumping at a repetition rate of 2.6 MHz, 

a maximum output power with a slope efficiency of 8.8 % was achieved at a 0.3 

mbar pressure. 

 

5.1.2 The continuous-wave lasers 

The acetylene filled fibre lasers was difficult in working in the continuous-

wave (CW) regime. First, the acetylene fibre laser was difficult to be self-terminated 

in CW operation because acetylene laser was not able to effectively depopulate the 

laser lower level due to its lack of rapid radiative relaxation routes. Another reason 

was that stimulated Brillouin scattering limits the high power fibre amplifier for 

narrow linewidth sources. However, the acetylene filled fibre lasers with continuous-

wave (CW) operation was first demonstrated in the ring cavity [67]. With a 3 m 

feedback fibre, the output mid-infrared power reached more than 2.5 mW at a 

maximum incident pump power of 75 mW, corresponding to a slope efficiency of 

6.7 %. This system provides a high beam quality of the laser output and the excellent 

stability of the laser over long time. There is no more paper reporting the CW gas 

filled hollow core fibre lasers. 

My research is to build a CW gas filled fibre laser in both ring cavity and 

single pass ASE configuration [59]. To further increase the output power, I use a high 
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power pump source of 10 W output at 1530 nm. I achieve over 1 W of output laser 

power which is 400 times larger than the previous report. The slope efficiency is over 

30% in single pass ASE configuration. Details are provided in the following sections. 

 

5.2 Continuous-wave Laser in the Ring-Cavity Configuration 

The research focuses on the high power continuous wave acetylene filled 

fibre lasers. By investigating and comparing ring cavity configuration and single pass 

ASE configuration, we find that the laser with high incident power favours the single 

pass ASE configuration. 

 

5.2.1 Experimental setup  

1) Experiment configuration 
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Fig. 5-1 (a) Experiment setup of the laser cavity. (b) Tunable laser and EDFA output 

spectrum with different output power on resonant wavelength (1530.385 nm). (c) Details at 

the on resonant wavelength. 

We focus first on the CW lasers based on the ring cavity configuration formed 

by a feedback fibre (Fig. 5-1 (a)). Acetylene is pumped by a tunable distributed 

feedback diode laser (ID Photonics GMBH, CoBrite DX1, linewidth <100 kHz, 

maximum output power 16 dBm) seeded CW Erbium-doped fibre amplifier (EDFA, 

Bktel Photonics, HPOA-S370ac). An optical coupler (AC Photonics, 

SA15100202A1022, Splitting Ratio: 90: 10) and an isolator (Thorlabs, IO-H-
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1550FC) are employed between the diode laser and the amplifier to monitor the input 

power and get rid of the backward power. Wavelength tuning is achieved with the 

standard temperature and current stabilisation of the build-in laser driver. Specific 

software is used to control the tunable laser and the EDFA. This customized EDFA 

has a maximum output of 40 dBm in specification and 9.6 W in practice. The pump 

is tuned to acetylene absorption line P (9) at 1530.385 nm. Fig. 5-1 (b) displays the 

spectra measured by a single mode fibre and analysed by an optical spectrum 

analyser (OSA, YOKOGAWA AQ6370) at the output of the tunable laser and EDFA 

with its different output power at on resonant wavelength. When raising the pump 

power, a strong and increasing ASE spectrum is observed. The peak details at on 

resonant wavelength are presented in Fig. 5-1 (c). The power of tunable laser with 10 

dBm is lower than it of the amplifier with 10 dBm because of the different coupling 

by a single mode fibre. As for the amplifier, the line width increases to a maximum 

when the power is 40 dBm. At the same time, the ASE power increases as well and 

finally becomes nearly half of the total power as shown in Fig. 5-1 (b). 

 

Fig. 5-2 Measured on and off resonant output power through the acetylene filled hollow core 

fibre at a wavelength range from 1520 nm to 1545 nm. 

The output spectra at pumping wavelength through the acetylene filled fibre 

are shown in Fig. 5-2. The off resonant spectrum is same as the amplifier’s output 

spectrum shown in Fig. 5-1. However, the on resonant spectrum has on peak at the 
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acetylene absorbing wavelength indicating that the power at this wavelength has 

already been absorbed. The two ASE spectra are same and don’t change at all. By 

integrating calculation, the on resonant peak power is 50% of the total pump power. 

In this case, the maximum absorbed power is up to 4.8 W (half of 9.6 W). The ASE 

power occupies half of the total power but makes no contribution to acetylene 

absorbing. In this thesis, the slope efficiency is defined as the ratio of the output 

lasing power at 3.1 um to the absorbed pump power.  

A dichroic mirror (94 % transmission at 1.53 μm and 99 % reflection at 3.1 

μm) is used to combine the feedback power and the pump power before coupling into 

the gain fibre through a coated CaF2 lens (50 mm focus length, 98 % transmission at 

1.53 μm) and a gas cell window (3mm thick uncoated sapphire, 88 % transmission at 

1.53 μm). Two fibre ends are sealed in vacuum gas cells that can be filled with 

acetylene gas to require pressures (0.1 mbar-13 mbar). It takes a few hours to reach 

the gas equilibrium through the entire fibre.  

With the ring cavity configuration, several mirrors are used to reflect light and 

make up a round trip route with the feedback fibre. Light passes through the gain 

medium in the ring cavity and is amplified each time. An output coupler with 70 % 

output coupling efficiency is used as the output.  

 

2)  Hollow core fibres for gain and feedback 
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Fig. 5-3 (a) Attenuation curve for the gain fibre at both pumping and lasing wavelengths. 

Inset: SEM of the gain fibre cross section. (b) Attenuation curve for the feedback fibre. Inset: 

SEM of the feedback fibre cross section [59]. 

A 31m gain fibre is designed for both pump and laser wavelengths (shown in 

Fig. 5-3 (a)). This AR-HCF contains 10 capillaries in its cladding with a core 

diameter of 75 μm and an outer diameter of 202 μm. Cut-back measurement is used 

to measure the transmission loss by using an OSA and a monochrometer (Bentham 

TMc300). The attenuation of the empty gain fibre is 0.1 dB/m at the pump 

wavelength of 1.53 μm and 0.12 dB/m at the laser wavelength of 3.1 μm. The 

feedback fibre has 8 ice-cream shaped capillaries in the cladding. In Fig. 5-3 (b), the 

attenuation of ~0.025 dB/m is shown over the laser wavelength band. A short piece 

(3 m) of the feedback fibre can provide low loss in laser delivery. 
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3)  Alignment 

In this setup, initial alignment at each fibre end is assisted by a HeNe laser 

(Thorlabs H339P2, average power ~ 2 mW) at 3.39 μm as a reference laser [146]. 

Fig. 5-4 shows two directions of the alignment. The experimental setup shown in Fig. 

5-4 (a) displays the coupling route from feedback fibre to gain fibre with a coupling 

efficiency of 20%. However, even though the feedback fibre and the gain fibre have 

similar parameters, the transmission properties are different due to different mode 

properties. The coupling efficiency from the gain fibre to the feedback fibre (in Fig. 

5-4 (b)) is 80 %. The coupling efficiency at lasing wavelength is different from it at 

pumping wavelength. When adjusting the coupling from the amplifier to the gain 

fibre at pumping wavelength of 1.53 μm, the coupling efficiency is over 80 %.When 

the beam is coupled into each fibre end, improving and balancing coupling 

efficiencies at both pumping and lasing wavelengths is challenging. Thus, the aim to 

balance the coupling efficiency is to ensure the highest output power. 
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Fig. 5-4 alignment process with a He-Ne laser at 3.39 μm as a reference: (a) laser beam from 

feedback fibre to gain fibre; (b) laser beam from gain fibre to feedback fibre 

 

4) Gas cell 

Two gas cells are important components in the setup. It has four key functions 

including sealing the gain fibre ends, vacuuming the gain fibre, filling the gas into the 

gain fibre and monitoring the pressure of the gas cell. The gas cell is shown as Fig. 

5-5. It was designed and built for the previous gas fibre laser research and it is still 

suitable for my research. 

 

Fig. 5-5 A gas cell which is used to seal the fibre end. 
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Fig. 5-5 is the photo of one gas cell. This gas cell is employed to seal the 

output fibre end. It is connected to the vacuum pump via the tube and a controlling 

valve. It is convenient to remove the gas from the gas cell and the hollow core fibre. 

On the top of the gas cell there is a pressure monitor which shows the real-time 

pressure inside the gas cell. The range of the monitor is up to 13 mbar. The accuracy 

is 1e-4 mbar. A window (3mm thickness, 88% transmission at 1.53 μm) is tightly 

fixed on one side of the gas cell. On the other side, the fibre is first sealed in a metal 

tube with a rubber ring. Then this metal tube is fixed into the gas cell. The fibre input 

end is sealed into another gas cell which has a similar configuration with the previous 

one. The only difference is that this one has another tube connecting to the acetylene 

tube. These two gas cells are connected by the tube which is also joint to the vacuum 

pump. By adjusting the valves on the tube, it is easy to fill the acetylene gas into the 

fibre from one fibre end or both fibre ends.  

The leakage rate of the gas cells have to be tested before they were put into 

use. Firstly the two gas cells are evacuated during the whole night to make sure the 

fibre is totally vacuumed. Then the valves have to be closed. Nothing else affects the 

pressure inside the gas cell except the leakage by the gas cell itself. The pressure 

values on the monitor are recorded by hours. The leakage rate presents velocity of the 

air going into the fibre. We finally find 8.7e-3 mbar is an acceptable value which is 

easy to reach. Since the needed acetylene pressure values are from 1e-1 mbar to 

several mbar, this leakage rate is negligible during a few hours for acetylene filling. 

In the experiment, the gas cell is firstly vacuum the fibre and then fill the 

acetylene gas into it. The laser measurement is taken when the fibre is totally filled 

with the acetylene gas. The filling time is calculated according to the theory of gas 

diffusion [147]. The Knudsen number Kn, defined as the ratio of the molecular mean 

free path length to a representative physical length scale, decides the diffusion 

regime. When 𝐾𝑛 < 0.01,  it represents the Hydrodynamic Flow Regime. When 

𝐾𝑛 > 1, it is Free Molecular Flow Regime. 

For acetylene gas, 

 𝐾𝑛 =
𝜆

𝑎
= 4.4  Equ. 5-1 
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in which a is the core radius of the fibre (37 μm).  𝜆 is the mean free path. 

 λ =
𝐾𝐵𝑇

√2𝜋𝑃𝛿2
  Equ. 5-2 

The temperature T is 20 °C and the pressure P is 0.5 mbar. The 𝛿 diameter of 

the molecule is 3.34e-10 m. So the mean free path λ is 1.63e-4 m. 

So for this pressure, it is in the molecular flow regime. For this regime, the 

filling time and the diffusion coefficient is as follows: 

 t =
(𝜉𝐿)2

𝜋2𝐷
ln (

𝜋2

8
×

𝑃0

𝑃0−𝑃
)  Equ. 5-3 

 D =
2𝑎𝑣

3
  Equ. 5-4 

The mean molecular velocity 𝑣 = √
8𝐾𝐵𝑇

𝜋𝑚
= 486.098 𝑚/𝑠. The acetylene 

mass is 0.026037 kg/mol÷6.02 e23 = 4.33e-26 kg. 

Thus, 𝑣 = 1.19 × 10−2 𝑚2/𝑠 . 

𝜉 is a geometrical factor depending on the filling conditions. It equals to 2 for 

gas diffusing from one end and equals to unity for gas diffusing from two ends of the 

fibre. L is the fibre length. 

The filling time is defined as the time required for the pressure P in the fibre 

to reach 85% of the equilibrium pressure 𝑃0. So it takes 15 hours to fill the whole 

fibre (31 m) from one end and 3.75 hours from two ends. 

Laser measurements are usually taken after 4 hours gas filling from both ends. 

 

5)  Measurement 

Measurement results with this ring cavity configuration have been recorded at 

different pressures. To compare the output power in the ring cavity and single pass 

ASE configuration, the feedback fibre is blocked to obtain the output power in the 

single pass ASE configuration without changing anything else. The power meter is 

placed in front of the output coupler. 
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5.2.2 Output results 

 

Fig. 5-6 Absorbed pump power- output 3 μm power curve with 31m gain fibre in the ring 

cavity configuration and single pass configuration at different pressures (0.3 mbar, 0.54 

mbar, 0.6 mbar and 0.74 mbar). Inset: the slope efficiency ratio (slope efficiency in ring 

cavity/ single pass ASE) as a function of the pressure. 

Fig. 5-6 compares the output power as a function of the absorbed incident 

pump power in ring cavity and single pass ASE configuration at different pressures. 

The output power of the mid-IR is as high as 0.468 W with a slope efficiency of 

18.57 % in single pass ASE configuration while the slope efficiency of only 12.37 % 

is achieved in the ring cavity configuration at the same pressure of 0.6 mbar. It is 

because the coupling efficiency at each fibre end needs to be balanced for both 

pumping and lasing wavelengths. Some power is lost due to the low coupling 

efficiency from the feedback fibre to the gain fibre. In the ring cavity configuration, 

with 70 % output coupler, residual pump power in the fibre is 0.13 W. The sum of 

the residual power and the output power in ring cavity configuration is nearly the 

same as the results in single pass ASE configuration. The inset figure is the slope 

efficiency ratio of the ring cavity and single pass ASE configurations at a range of 

0.3 mbar to 0.74 mbar. The ratio stays between 61 % and 66 % which is consistent 

with the 70 % reflectivity of output coupler at 3.1 μm. It indicates that the feedback 

fibre only add an additional source of loss. However, the threshold of the ring cavity 
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is as low as 18mW at 0.6mbar. Single pass configuration has a threshold of 37 mW in 

the same condition. Thus the feedback fibre leads to a lower output power but lower 

threshold in the ring cavity configuration. 

In summary, this ring cavity configuration with high incident power is benefit 

for low threshold rather than achieving a higher output power. In this case, a single 

pass ASE configuration is in highly demand for high power applications.  
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5.3 Continuous-wave Laser in the Single Pass ASE Configuration 

 

5.3.1 Experimental setup  

A single pass ASE configuration is a priority for the laser system due to its 

simple setup and higher output power. Without the feedback fibre, it is unnecessary 

to consider the balance of coupling efficiency at each fibre end. Improving the 

coupling efficiency at the gain fibre incident end is vital. 

 

 

Fig. 5-7 Experiment setup with single pass ASE configuration [51]. 

A single pass ASE configuration is demonstrated with a high power pump 

source shown in Fig. 5-7. The tunable laser diode is followed by a CW Erbium-doped 

fibre amplifier as in section 5.2.1. Pump light is coupled into the AR-HCF through a 

coated CaF2 lens and a gas cell window with a coupling efficiency of over 90 %. 

Both ends of the gain fibre were sealed in gas cells with optical access windows. At 

the fibre output end, the dichroic mirror is used to separate the residual pump power 

from the mid-IR laser beam. A thermal power meter (Ophir VEGA) with a range of 

30 W is used to measure the output power. 
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Fig. 5-8 Measured attenuation of the AR-HCF as a function of the wavelength at both 

pumping and lasing wavelengths. Inset: SEM of the AR-HCF. 

The attenuation around the pumping and lasing wavelengths of the gain fibre 

is shown in Fig. 5-8. A 10-capillary fibre has a core diameter of 75 μm and an outer 

diameter of 199 μm. The attenuation is measured by the cutback measurement. 

Firstly, one end of the hollow core fibre is placed closely to a halogen light source 

directly. The other end is inserted into the slit of the monochrometer. A spectrum 

ranging from 2.9 μm to 4 μm is recorded. Then the fibre is cut from 148 m to 30 m 

with keeping the fibre end which is close to the white light source. The transmission 

spectrum of 30 m fibre is recorded by the monochrometer. The attenuations of 63 

dB/km and 69 dB/km at 3.12 μm and 3.16 μm wavelengths are achieved. Another 

cutback measurement is taken with the rest 118 m fibre. A single mode fibre is 

employed to transmit the white light and butt couple to the hollow core fibre. The 

spectrum from 1200 nm to 1700 nm is collected and analysed by an optical spectral 

analyser. Then this fibre is cut to 30 m and the spectrum is recorded. Then the 

attenuation at 1.53 μm wavelength is calculated as 37 dB/km. These are the lowest 

attenuations yet reported for HCF for this application. In fact, the measured coupling 

efficiency is over 100% with the measured fibre attenuation which indicates the 

actual attenuation might be somehow lower than the measured values.  

This fibre with 6 m, 15 m and 40 m in length is used at different pressures. 

Results are given in the following sections. 
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5.3.2 Output spectrum 

 

Fig. 5-9 The power ratio (P(9) /R(7)) as a function of the incident power. Inset: measured 

output optical spectrum at 0.6 mbar pressure, 15 m length with maximum incident power of 

9.6 W. 

The performance of the laser system was investigated by measuring the 

output power at various gas pressures with different fibre lengths. First, the output 

optical spectrum is shown in Fig. 5-9 inset. A short piece (~1 m) of same mid-IR 

hollow core fibre is used to collect and transmit the light at the output of the laser to a 

monochrometer (Bentham TMc300) with a resolution of 0.5 nm. 

Two lasing emission lines are observed near 3.12 μm and 3.16 μm as the 

pump is tuned to acetylene on resonance P(9) absorption lines at 1.53 μm. These two 

lasing lines correspond to the R(7) and P(9) transitions from J = 8 rotational state of 

v1+v3 vibrational state to J = 7 and J = 9 rotational states of v1 vibrational state in 

acetylene molecule.  

Fig. 5-9 shows that the power ratio of two lasing intensities (P(9) / R(7)) 

decreases dramatically from 80 to 1.6 at high incident power levels. Then even 

though the incident power increases, the ratio stays stable at around 1.6. At first, a 

strong competition of the two emission lines happens with low incident power. The 
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P(9) line dominates firstly as the stimulated emission cross-section of P(9) is larger.  

Then the population accumulation on the J = 9 rotational states of v1 vibrational state 

rapidly increases and the gain decreases. A larger population inversion from 

vibrational state v1+v3 to J=7 rotational state of v1vibrational state occurs. Finally the 

ratio becomes stable to 1.6. Same phenomenon happens in the ring cavity 

configuration laser system.  

It is noted that no other emission lines of acetylene fibre laser are reported 

when the pump is at single ro-vibrational transition line at 1.53 μm wavelength. It 

means the energy transfer via inter-molecular collisions only occurs at the specific 

energy level. Not enough energy can be transferred to depopulate the excited ro-

vibrational state of laser upper level to its neighbour states for a new wavelength. 
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5.4 Pump absorption characterization measurement 

To characterize the pump absorption property along the fibre length, we use a 

fibre side-scattering measurement. 

 

5.4.1 Experiment setup 

 

 

 

 

Fig. 5-10 Fibre side scattering measurement: (a) Experiment setup: a multimode fibre is used 

to collect and transmit the fibre side light into an optical spectrum analyser (YOKOGAWA 

AQ6370) [148]. (b) Typical measured spectra of the pump light at P(9) on/off resonant 

wavelength. The ratio of the peak intensities represents the relative absorbed pump power 
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[148]. (c) Experiment setup pictures: a metal groove plate is under the fibre. An adjustable 

xyz stage is built to hold the multimode fibre.  

Fig. 5-10 (a) is the experimental diagram describing the fibre side 

measurement configuration. The gain fibre with 15 m in length is placed in circles. 

At one position, a multimode fibre is employed to collect and transmit the power to 

the OSA. In Fig. 5-10 (c), two pictures show the details of the fibre side 

measurement. The home-made metal with 10 grooves holds the fibre loops. An 

adjustable xyz stage is built to carry the multimode fibre. When the gain fibre on the 

metal is slightly bent, the pump light leaks out from the fibre side walls easily. The 

standard multimode fibre with 600 μm in core diameter is used to collect the fibre 

side pump light at same position of each fibre coiling circle in the same condition. At 

each collecting point, measurements are taken, via an optical spectrum analyser, at 

different levels of incident power (15 dBm, 30 dBm, and 40 dBm) with both on or off 

conditions of the P(9) resonant wavelengths. Fig. 5-10 (b) displays the typical 

measured side scattered spectra of pump light when the pump is tuned to on/off 

resonant P(9) acetylene absorption line. The off resonant wavelength is 0.05 nm 

away from the on resonant wavelength of 1530.385 nm. The EDFA amplification 

performance is the same at the off resonance wavelength as the on resonance one. 

The wavelength shift is not resolved by the OSA. The peak intensities on and off 

resonant are presented as Pon and Poff. The ratio of Pon/Poff is used to describe the 

pump absorption as a function of the position along the fibre.  
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5.4.2 Results with different incident powers 

 

Fig. 5-11 Pump absorption as a function of the fibre length at 0.60 mbar pressure for 

different incident powers (15 dBm, 30 dBm and 40 dBm). 

Fig. 5-11 describes the relative pump absorption along the fibre length for 

different incident power at 0.6 mbar. The absorption slope is found to be reduced as 

the incident power increases. The pump absorption is determined by the population 

distribution in the ground level and laser upper level. When the incident power is 

below the lasing threshold (e.g. 15 dBm, corresponding to 0.034 W), the absorption 

of acetylene gas is only related to the thermal equilibrium of the acetylene gas 

molecule.  As the incident power increases, the absorption slope of acetylene gas 

increases. With higher incident power, more molecules participate in the stimulated 

emission processes, leading to a rapid reduction of the population in the ground level. 

The ground level cannot be fully re-populated immediately because the molecules are 

shelved in intermediate states. The fraction of the population on the intermediate 

states increases. Thus to make full use of the high incident power, a longer fibre 

length is required for higher power generation. 
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5.4.3 Results with different acetylene gas pressures 

 

Fig. 5-12 Typical side-scattering pump light spectra when the seed laser is tuned on/off 

resonant P(9) wavelength. P1 is the peak power at the on resonant pump wavelength. P2 is the 

maximum power in the ASE region at the on resonant pump wavelength. Inset: zoom-in of 

measured spectral peaks at P(9) line. The OSA cannot resolve P(9) line. 

The side-scattering measurements setup is similar as described in last section.  

The gain fibre of 31 m in length is described in section 5.2.1 and Fig. 5-3 (a). Instead 

of using peak intensities at P(9) line in on/off resonance conditions, we select P2 

(shown in Fig. 5-12), the maximum peak intensity on the ASE spectrum as a 

reference to normalize the residual pump power at P(9). P1 is the peak intensity of the 

on resonance wavelength. The spectrum in the off resonance condition is shown as a 

reference. It confirms that the ASE spectrum does not change with a slight change of 

the wavelength (0.05 nm). Since the absorption only happens at the on resonant 

wavelength, the ASE region doesn’t change along the fibre length. In addition, our 

repeated measurements confirmed the wavelength of P2 barely changed in 

experiment. Thus the ratio of P1/P2 represents the acetylene absorption in a unit of 

dB. Fig. 5-12 shows typical measured spectra of pump light collected from the fibre 

side. The periodical fringes in the spectrum are the interferences caused by the 

uncoated gas cell window. The thickness of the window is 3 mm with two surfaces 

acting as a Fabry–Pérot resonator. The free spectral range is calculated as Δν = c / 2L 
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(c is the light speed in the material, L is the thickness), which means the period of the 

fringe is 0.4 nm. 

 

Fig. 5-13 Pump attenuation (P1/P2 ratio) along with the fibre length at different pressures. 

The dash lines are the linear fittings in the absorption lengths. Inset: the absorption slope as a 

function of the pressures. Approximate 4.12 dB/m/mbar is calculated by a linear fitting. 

Fig. 5-13 shows the P1/P2 ratio (in unit of dB) as the function of fibre length 

under a maximum incident pump for a fixed fibre length. A maximum pump power is 

40 dBm in specification and 9.6 W in practice. Finally 8.27 W pump power 

(including a strong ASE background) reaches the end of the gain fibre through a lens 

and uncoated CaF2 gas cell window (same as before). Absorption length is defined as 

the fibre length in which acetylene gas absorbs the power intensity of 25 dB. For 

different pressures, the absorption lengths are found to be different. Beyond the 

absorption length, the absorption of residual effective pump power almost stops due 

to the strong laser power co-propagating along the length. Such effect is because of a 

relatively long lifetime of laser lower level.  Within the absorption length, the rate of 

pump absorption clearly shows a monotonic increase with pressure. The pressure-

induced collisions assist the populating of laser ground level which eventually 

increases the pump absorption. 4.12 dB/m/mbar is calculated by fitting the measured 

slopes.  
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It is noted under the same incident pump power (8.27 W), the absorption rate 

for 0.6 mbar in 15 m length in section 5.4.2 is 1.1 dB/m, smaller than 2.2 dB/m for 

0.59 mbar in 31 m length in this section. The corresponding 3 μm laser output power 

are 1.12 W and 1.07 W respectively. We attribute the enhancement of pump light 

absorption in 31 m fibre to higher fibre losses at pump and lasing wavelengths. In 

fact, the maximum mid-IR output in 31 m fibre is measured when the optimized 

pressure is 0.46 mbar. The absorption rate for 0.46 mbar is 1.26 dB/m which is 

comparable to 1.1 dB/m in 15 m fibre for the optimized pressure.  

In this case, optimized fibre length can be found by balancing the pump 

absorption rate and the fibre loss. Since the fibre attenuation is relatively small, it is 

possible to use a long piece of the fibre. However, another problem appears that the 

gas filling time for a long fibre is long. The leakage rate of the gas dominates after a 

few hours. Normally the leakage rate is 8.7 e-3 mbar/ hour. Longer the filling time 

leads to more air going into the gas cell. Before the fibre is completely filled from the 

beginning to the end, air goes into the fibre and affects the pressure. The filling time 

is usually 6-8 hours for 40 m fibre. Thus even through long piece of fibre is of 

interest, filling time for the long fibre should be considered.  

To conclude, the reduced pump absorption under high power pump and the 

reduced laser output generation under higher pressure both suggest a long fibre 

length filled with low pressure acetylene. HCF with low loss is the key to efficient 

power scaling. Gas filling time is a limit for a long piece fibre.  
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5.5 Laser output results 

Two different gain fibres are applied and the output powers are measured at 

different pressures. Output powers are compared as well as the thresholds and 

absorbed powers. 

 

5.5.1 Output results with different fibre lengths 

1) 31 m gain fibre 

 

Fig. 5-14 Output mid-IR output power as a function of the absorbed incident power at 

different pressures in 31 m fibre length. 

With 31 m gain fibre (described in section 5.2.1), the output power is shown 

in Fig. 5-14 as a function of the absorbed incident power. The absorbed incident 

power is defined as the incident power which is absorbed by the gain medium 

(acetylene gas). The incident power is measured before input fibre end. The output 

residual 1.53 μm power value is measured after a dichroic mirror at the output end. 

The absorbed incident power is the difference of the incident value and the residual 

value. The highest output power of 1.07 W is found at a pressure of 0.38 mbar with 

an absorbed incident power of 3.41 W, corresponding to a slope efficiency of 30.9 %. 

At lower pressure (e.g. 0.22 mbar), although the incident power is same as others, the 
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acetylene gas is not enough for absorbing the entire incident power so that the gain is 

saturated. So the highest output power at 0.22 mbar is lower than it at 0.38 mbar 

despite the similar slope efficiency. At higher pressures, both the output power and 

the slope efficiency decrease. It is because the inter-molecular collision rate 

increases, which increases the internal losses and decreases the gain.   

 

2)  15 m gain fibre 

 

 

Fig. 5-15 For 15 m fibre length and various pressures [148] (a) Incident pump power – mid-

IR laser output curves. (b) Absorbed pump power- mid-IR output power curves. 
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Another hollow core fibre (described in section 5.3.1 and Fig. 5-8) is used as 

gain fibre with different lengths of 6m, 15m and 40m. Typical performance is shown 

in Fig. 5-15 with 15 m fibre. 

Fig. 5-15 (a) shows the 3 μm output power as a function of the incident pump 

power (including the broadband ASE). By measuring the incident power and the 

residual pump power, the power absorbed by the acetylene gas at P(9) line is 

calculated and used to re-plot the data as shown in Fig. 5-15 (b). The maximum 

output power is 1.12 W with a maximum slope efficiency relative to the absorbed 

pump of 33 % at 0.60 mbar. The trending details of the output along with the 

pressure has been explained in the last section. But the pressures with the highest 

output are different with different lengths of the fibre. 

 

Fig. 5-16 With different fibre lengths of 6 m, 15 m and 40 m, highest output power is 

measured as a function of absorbed pump power at 0.88 mbar, 0.60 mbar and 0.41 mbar 

respectively. 

Similar measurements were recorded using 6 m and 40 m fibres. Fig. 5-16 

compares the highest output powers as a function of the absorbed pump power with 3 

different fibre lengths (6 m, 15 m and 40 m) at their different pressures (0.88 mbar, 

0.60 mbar and 0.41 mbar) respectively. For the shorter piece (6 m fibre), even though 

the pressure is higher, there are not enough gas molecules for absorbing the whole 

power. The pump power is not totally absorbed and the gain is saturated. With a 
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longer piece of the fibre (40 m), no saturation occurs at lower pressure (0.41 mbar) 

but the absorbed power loss is induced by the loss of the relative long piece of the 

fibre and less gas molecules. 

Looking back to the fibre side-scattering spectrum measurement at different 

pressures (in Fig. 5-13), the pump power is almost absorbed in a shorter fibre length 

at a higher pressure. Then at lower pressures, the pump power is absorbed in a longer 

length along the fibre which is in agreement with the output results in Fig. 5-16. 

However, it is noted combining two results, a short piece of the fibre is not good 

enough for high power. Even though longer piece of fibre is better due to its more 

acetylene absorption, the transmission loss affects the output power. Thus the length 

of the fibre should be considered by balancing the absorption property and fibre 

transmission attenuation. 

 

5.5.2 Results on thresholds, output power and maximum absorbed power  

 

Fig. 5-17 Pressure - pump threshold for selected 3 different fibre lengths (6 m, 15 m and 40 

m).  

In fact, besides the difference of the output power at different pressures with 

different lengths of fibres, the thresholds and maximum absorbed pump power 

depend on the gas pressure as well. 
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In these experiments, a threshold occurs when amplified spontaneous 

emission into the low-loss fibre mode becomes the dominant route for de-excitation 

of the upper lasing level, reducing fluorescence and non-radiative transition 

processes and increasing the efficiency of converting pump photons into coherent 

fibre output. Fig. 5-17 summarizes the measured pump threshold for two fibre 

lengths and different pressures. In Fig. 5-17, the measured pump threshold is found to 

be almost independent of gain fibre length but dependent on the gas pressure. The 

minimum pump threshold is measured to be 48 mW when the pressure is 0.23 mbar 

for 15 m fibre length, larger than the 18 mW in a ring cavity with 31 m fibre at 0.6 

mbar (in section 5.2.2). It confirms that ring cavity provides lower threshold but 

wastes more pump power in the cavity. 

In terms of the output power and absorbed pump power, they are essentially 

related to transition time caused by the pressure-induced acetylene collision rate. As 

pressure is increased, collisions increasingly shorten the lifetime of the upper laser 

level. The J=8 rotational state of v1+v3 vibrational state has been reported to be 

depopulated at a total removal rate of 12.3×10-10 cm3 s−1 (measured when pressure 

lower than 0.4 mbar) in [149], by the  vibrational and rotational energy transfer 

processes via intermolecular collisions. However, when the gas is confined in the 

hollow core, the mean-free-path between intermolecular collisions is greater than the 

core radius for pressures lower than about 2.1 mbar. In this case, the inelastic 

relaxation via collisions of acetylene molecules with the silica core wall dominates 

the collision rate at low pressures and may have a major impact on the laser 

operation. Inelastic relaxation affects both the upper and lower laser levels as well as 

the ground state. On one hand, it assists repopulation of the ground level and plays a 

valuable role in maintaining CW laser operation. On the other hand, it reduces the 

population of both the upper and lower laser levels.  
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Fig. 5-18 Summary of maximum output power as a function of the pressure with 6 m, 15 m 

and 40 m fibre. 

Fig. 5-18 shows the maximum mid-IR laser output power versus pressure for 

different fibre length. For different fibre lengths, the highest powers achieved depend 

on the pressure. (e.g. for 6m and 40 m fibre, the maximum laser outputs are measured 

as 0.80 W and 0.92 W at 0.88 mbar and 0.42 mbar, with the slope efficiency of 28% 

and 31.2% respectively). The longer the fibre length, the lower pressure is needed to 

be the highest output power is as we explained in Fig. 5-16. Below the pressure for 

the highest power, the output power drops rapidly. As the pressure increases, the 

pump absorption increases to the peak (e.g.  0.60 mbar for 15 m fibre) before it 

decreases. When the gas molecular density becomes higher, the gain decreases. So 

does the output power. The maximum laser power conversion efficiency is achieved 

at the extreme value of gain as a function of pressure which is dependent on the gain 

fibre length. 
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Fig. 5-19 Summary of measured slope efficiencies for three different fibre lengths as 

function of acetylene pressure. Slope efficiencies in the saturation situation are not included. 

Fig. 5-19 summarizes the measured slope efficiencies as functions of the 

pressure with 6 m, 15 m and 40 m fibre. It corresponds to the output power-pressure 

results in Fig. 5-18. Using 15 m fibre for example, in the low pressure region below 

0.6 mbar, the slope efficiency increases with pressure, staying above 30 %. In this 

regime, increasing pressure means more molecules contributing to the gain as well as 

the pump absorption. 33 % slope efficiency is reached at 0.6 mbar. As the gas 

pressure is further increased, despite a stronger pump absorption as a consequence of 

the higher molecular density, the fibre gain decreases. The pressure-induced gain 

reduction dominates and completely overwhelms the advantage of high molecular 

density at higher pressure. In this case, the slope efficiency drops gradually along 

with the increasing pressure. 

Compared these three fibre lengths of 6 m, 15 m and 40 m, the slope 

efficiencies have similar dependence on pressures, but the absolute slope efficiency 

at low pressures are different. The reduction of conversion efficiency due to a shorter 

gain fibre length has also been confirmed in the pulse-pumped single-pass 

configuration. 
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Fig. 5-20 Summary of measured maximum absorbed pump power for three different fibre 

lengths as function of acetylene pressure.  

Fig. 5-20 shows the measured absorbed pump power with a maximum 

incident power as a function of the pressure for three different lengths of the fibre. 

The tendency can be explained as same as in previous paragraphs and in section 

5.5.1. At low pressures below 1 mbar, the increasing gain induced by more and more 

acetylene molecules leads to an increasing absorbed pump power. With a higher 

pressure of over 1 mbar, high acetylene molecule density causes a reduction of the 

gain as well as the absorbed pump power, resulting a slow increase of the absorbed 

pump power. Since there are only 4 data points in 6 m results, some variation 

uncertainty may happen which makes the 4.5 mbar point stay between the other two 

lines. For difference of the fibre lengths, slight differences of the absorbed pump 

power are achieved. Longer fibre (e.g. 40 m fibre) is easier to reach the gain 

inflection points because more molecules is provided at low pressures. 

These are all the results of the power scaled CW acetylene filled fibre laser 

with single pass configuration. The output results depend on the pressure and fibre 

length. By comparing the pulsed laser in [66, 150], the importance of acetylene 

pressure on the laser power-scaling performance has been also confirmed. For pulse 

widths approximately 1 ns, a constant 20 % slope efficiency was reported for 

pressures in a range from 1.6 mbar to 18.7 mbar [88]. As the pulse length becomes 
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shorter and enters the transient region, the pump duration becomes shorter than the 

collisional kinetic process. We can then assume that no collision-induced changes 

take place (over a certain pressure range) during the pulse duration. In that case, only 

a small fraction of molecules can participate in the lasing process, determined by the 

thermal equilibrium. In this case, higher pressure may be preferable for more 

efficiently utilizing the pump power. 
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5.6 Conclusion 

In chapter 5, we demonstrate an acetylene filled hollow core fibre laser with 

both ring cavity and single pass ASE configurations. The ring cavity configuration 

provides a lower threshold but a lower output power. The mid-IR laser is lost in the 

cavity rather than emitted from the laser as output beam. The single pass ASE 

configuration is a better way to achieve high power output.  

A method to measure the acetylene absorption along the fibre length is 

demonstrated as fibre side-scattering spectrum measurement. Different incident 

powers and pressures are measured to present the characteristics of the absorption.  

Then in terms of the single pass ASE configuration, a systematic study of the 

high power depended on gas pressure, fibre length, pump intensity and pump 

absorption reveals a reduction of the pump absorption (and therefore fibre gain) with 

increasing pump flux and the degradation of gain performance at high gas pressure. 

Taken together these necessitate the use of increasingly long length fibre for efficient 

laser operation at increased powers. We have demonstrated 1.12 W output power at 3 

μm wavelength with 33 % slope efficiency in a 15 m low-loss AR-HCF filled with 

acetylene gas at 0.6 mbar. It is the best ever result for mid-infrared acetylene filled 

fibre laser in CW regime comparing to other reported [67]. 
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CHAPTER 6 CONCLUSION AND FUTURE WORK  

 

6.1 Conclusion  

In this thesis, I have demonstrated my study of hollow core fibres, especially 

the mode property of this fibre. One of the applications is also investigated as 

optically pumped acetylene gas filled hollow core fibre lasers with high output 

power. The work and results can be concluded as follows: 

1. S2 imaging measurement is a method to detect and analyse the mode contents 

in the fibre. It has been realized to analyse the mode contents in hollow core 

fibre for the first time. Different hollow core fibre was tested and this 

measurement has been optimized in aspects of the fibre length, the wavelength 

range and the number of the spectrum measurement to achieve accurate mode 

contents and different modes group velocities. The fibre length should be 

neither too long (more than 19 m) nor too short (less than 2 m) because of the 

limitation of the OSA resolution. The wavelength range and the number of the 

spectrum measurement affects the time of the whole measurement.  400 times 

spectrum measurement cost 1.5 hours with the light source stable. In this case, 

a fundamental mode and three high order modes were resolved accurately with 

their group delay differences in a 19 m HCF at 1 micron.  

2. A new type of hollow core fibre was fabricated with 7 ice-cream-shaped 

capillaries in the cladding. The single mode guidance performance was well 

presented by S2 imaging measurement and near-field image pattern. Only 

single mode pattern was detected when the fibre is 10 m in length. However, in 

traditional 8 capillaries HCF with similar length, the high order modes were 

found easily. Comparing to traditional 8-capillary HCF, this new fibre of 7 

capillaries offers advantages for a wide range for applications. This can be 

explained by the mode coupling from the core to the cladding. As the capillary 

diameter is close to the core diameter, the modes refractive indices are close 
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and easily coupled from the core to the capillary in the cladding. In this case, 

the high order modes in the 7-capillary fibre are removed from the core.  

3. A continuous wave acetylene gas filled hollow core fibre laser was pumped by 

an Erbium-doped fibre amplified tunable laser diode. This pump source 

provides a high output power of 40 dBm at a wavelength of 1530 nm (meets 

the acetylene P (9) line). The laser system built in both cavity-based 

configuration and single pass ASE configuration is capable to lasing at 

wavelength range of 3.1~3.2 μm. With the same condition, the ring cavity 

configuration laser always has an output power of around 60% of the single 

pass configuration laser. Despite the ring cavity configuration laser has a lower 

lasing threshold, it cannot provide higher output power. The single pass ASE 

configuration performs more robust and reliable results in aspects of high 

power output and high slope efficiency.  

4. To achieve the highest output power, we have demonstrated the optimized laser 

system with proper fibre length and gas pressure. Fibre side scattering 

measurement was first to adopt to analyse the gas attenuation along the fibre 

length. From the fibre side scattering measurement, it is can be concluded: the 

longer fibre and lower pressure could be the best for the high output power. 

However, when the fibre gets longer, there is enough light gas interaction 

length but higher transmission loss and extra gas filling time. When the 

pressure gets lower, there are not sufficient gas molecules for interacting and 

the pressure cannot be detected properly. 4.12 dB/m/mbar is found to 

summarize the relationship between the fibre attenuation and the gas pressure. 

This fibre side scattering measurement is useful in many other fibre detection 

applications.  

5. From the results of the fibre side scattering measurement, the long fibre length 

and the low gas pressure are the best choice. However, the optimized fibre 

length and gas pressure depend on the filling time and the fibre attenuation. 

With the single pass configuration, by comparing different lengths (6 m, 15 m, 

30 m and 40 m) of the fibre and different gas pressures (from 0.2 mbar to 9 

mbar) in aspects of output powers, lasing thresholds and slope efficiencies, 15 



114 

 

m fibre with a pressure of 0.6 mbar achieved the highest power of 1.12 W with 

a slope efficiency of 33%, which is 400 times larger than the previous results in 

other publications [67]. The laser system is the first high power 3 μm gas fibre 

laser in the CW regime. 
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6.2 Future work 

The development of this gas filled hollow fibre lasers is an attractive field 

which still remains fertile.  

1. As for the hollow core fibre, the fabrication of hollow core fibre with low 

attenuations needs to be explored especially in very short wavelengths such as 

ultra-violet spectral range. In this wavelength region, silica fibre cannot 

transmit light as well. Hollow core fibres will have a wide range of applications 

in this region. However, the fibre and its strut in the cladding will be very thin. 

The main limitation of this fabrication technique is to avoiding breaking the 

thin structure during drawing. Many parameters should be optimized in this 

process including the speed of the fibre feed into and out of the furnace and the 

temperature of the furnace. 

2. Different designs have been emerged for dramatically decreasing the 

attenuation level but need to be realized in fabrication processes. Some new 

designs have already been simulated such as HCF with ellipse capillaries in the 

cladding. They are difficult to draw in practice with our current technique. 

Some new methods may be invented to fix the drawing problems. 

3. In terms of the gas fibre laser, acetylene is not the only molecule for mid-

infrared emission. Other gas molecules are worth investigating for mid-infrared 

and far-infrared regions such as HBr, HCN and CO2.  

4. Although the current setup is fine for demonstrating, the bulky gas cells and 

gas tube are barriers in simplifying for the commercial usage. To seal the gas in 

the fibre and make all gas fibre laser is the ultimate goal for applications for 

improved performance.  

5. Pump light source is another component to be improved. If the pump source 

can be integrated, the whole laser setup would be useful for a wide range of 

applications. 
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