
































































































































































































































































































































































author. A cross-sectional view of a typical cross-section of the drawn fibre MOF004 was obtained by 

means of ESEM and optical microscopy. Figure 6.20 illustrates the ESEM image of the MOF004 core / 

cladding structure: the assembled preform had coalesced during the fibre drawing procedure and there 

was heptagonal packing of the fibres surrounding the central fibre. Figures 6.22 (a) and (b) show the 

optical microscope images of the structure: (a) 377 !lm outer diameter MOF004 fibre which had a 52.6 

!lm core and (b) 86 !lm outer diameter MOF004 fibre which had a 12.5 !lm core. The optical micrograph 

images clearly show the micro-structuring of the seven circles (GeIOAs23.4Se66.6, ZGLCF034) formed a 

ring shape and surrounded a core (As40Se60, ZGLCF031). 

Fig. 6.20: ESEM image of a cross-section of MOF004 fibre which is seven GeIOAs23.4Se66.6 

(ZGLCF034) fibres (EPOOl) surrounding a central As40Se60 (ZGLCF031) core. One bubble was 

found at the interface between the core and cladding in this particular cross-section. 

Figure 6.21 (a) and (b) shows 377 !lm and 86 !lm OD solid MOF. The one layer cladding was clearly 

observed from these images. These images gave evidence that the geometrical proportions of the 

assembled MOF preform were largely maintained during the fibre drawing process. The all-solid 

chalcogenide glass MOF is much easier in fabrication compared to air/glass hollow core MOF 
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microstructuring. In general, all-solid cha1cogenide glasses MOF seems a good way to overcome the 

fabrication difficulties that occurred in hollow cha1cogenide MOF fabrications. 

Measurements taken from the optical micrographs (Figure 6.21 (a) and (b)) indicated that the 377 11m and 

85 !-tm OD MOF004 exhibited 52.6 11m and 12.5 11m diameter core regions, respectively. Therefore, the 

fabrication approach presented is scalable and adaptable to the future realisation of detailed MOF desi£t1s ::> 

for diverse applications in terms of the core size, core materials, cladding size, cladding materials and 

layer numbers. 

Figure 6.21: Optical reflection micrographs of the MOF004 of outer diameter and central region 

diameter: (a) 377 !-tm and 52.6 !-tm, respectively and (b) 86 !-tm and 12.5 !-tm, respectively [180]. 

Figure 6.22 shows compositional electron mapping of the MOF004 by means of backscattered electrons 

and electron dispersive spectroscopy (EDS) in a series: (a) arsenic mapping; (b) germanium mapping and 

( c) selenium mapping. It is evident that the central section of the MOF004 fibre and the outermost glass 

are As-Se as expected while the heptagonal ring of spots surrounding the central section have Ge-As-Se 

at their core as expected. The As content in the central core region and outer circumference are similar as 

expected and larger than that in the centre of each spot of the heptagonal ring, also as expected. Each of 

these spots in the heptagonal ring array has a border that does not contain Ge; this is again as expected 

because MOF preform was assembled using seven core/cladding fibres of As40Se60 / Ge IOAs23 .4Se66.6 

glasses to surround the central core fibre. 
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Figure 6.22: Elemental mapping of As, Ge and Se, respectively, in the MOF004. (a) As elemental 

mapping: the As content inside the spots arranged as a ring is lower than the As content in the 

central region of the MOF004 fibre, the As content between the spots in the ring and the As content 

in the peripheral glass as expected; (b) Ge elemental mapping: Ge only occurs in the spots arranged 

as a ring as expected and (c) the Se content shows up as apparently uniform across the whole fibre 

cross-section and indeed the expected atomic % of Se in the microstructured glass is between 60 

at% and 66.6 at %. 

The amorphous nature of both bulk As40Se60 and GeIOAs23.4Se66.6 was confirmed using XRD as discussed 

in section 4.2. After the multi-stage processing, amorphous nature of the solid core As40Se60 / 

Ge IOAs234Se66.6 MOF needs to be re-checked. The lack of crystallisation was confirmed by crushing ~ 10 

cm of the MOF004 and analyzing by means of powder XRD as shown in Figure 6.23 . The fact that these 

glasses can be made through quite gentle quenching in air or liquid metal is further evidence of their 

resistance to devitrification on melt-cooling. XRD and ESEM imaging provides evidence for the stability 

against devitrification on repeatedly raising the temperature of the glasses above Tg for shaping followed 

by cooling to ambient. 
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Figure 6.23: 10 cm of the MOF004 fibre sample was crushed to powder for XRD analysis. The XRD 

pattern confirmed amorphous nature of MOF004. 

6.2.3 Optical assessment of solid core MOF004 

A simulation of the one layer all-solid chalcogenide glasses MOF was carried out using a trial version of 

the commercial software Lumerical (Lumerical Solutions, Inc. Canada). PMLs (perfectly matched layers 

which simulated that no light is reflected from the boundary) were chosen as the problem boundary 

condition on all model boundaries. Multi-mode propagation was experimentally exhibited in this MOF 

structure. According to the simulation, there are more than 50 modes were supported by this one layer 

structure with a core diameter around 20 11m. Figure 6.24 (a) to (d) illustrate some of the modes at 1.55 

11m. Optical assessments will be demonstrated later in this section to show wave guiding properties of the 

all-solid MOFs. 
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Figure 6.24: Simulation results, some of the modes of a 20 ~m core diameter at the wavelength of 

1.55 ~m. The colour bar represent the intensity, red = 1.0 intensity and blue = 0.0 intensity. The 

position of the cladding layer is indicated as black circles. 

An optical assessment of the all-solid MOF made will be described using samples approximately 80 mm 

long having outer diameters of 85 ~m and 377 ~m (cut from the MOF004 fibre). A tapered silica glass 

optical fibre was used to end-fire couple at 1.55 ~m laser beam (supplied by Agilent, model 81980A) into 

one end of the MOF004 sample. The transmitted light from the MOF004 was collected from the opposite 

end-face of the waveguide using a x l0 microscope objective and focused onto an infrared sensitive 

camera (Siemens XQ 1112). A television monitor and computer were connected to the infrared camera as 

a direct image output. 

Both the 85 ~m and 377 ~m outer diameter samples of the MOF (MOF004) exhibited multi-mode 

propagation for 1.55 ~m wavelength. Figure 6.25 (a) displays the near-field intensity profile of the multi -

mode propagation supported by a 377 ~m outer diameter sample of MOF004 with a core diameter 52 .6 

~m at 1.55 ~m wavelength. Figure 6.25 (b) shows the near-field intensity profile of the multi - mode 
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supported by an 85 J..lm MOF with a core 12.5 J..lm at l.55 J..lm wavelength after the light had propagated 

80 mm. 

Figure 6.25: (a) The near-field intensity profile of the multi - mode propagation supported by a 52.6 

11m core diameter, 80 mm length sample of MOF at 1.55 11m wavelength and (b) shows the 

near-field intensity profile of the multi - mode supported by a 12.5 11m core diameter, 80 mm length 

MOF at 1.55 11m wavelength. 

Both samples with diameters of 377 J..lm and 85 J..lm guided light over a length of more than 80 mrn . 

However, the optical loss of the one layer MOF was unfortunately not measured. The smallest optical loss 

of the one-layer all solid MOFs (12.5 J..lm core) was expected to be higher than 1 dB/m which was 

achieved by Helen [2] in a As40Se60 core conventional fibre (pre-distillation was done for As40Se60). The 

loss of the all-solid MOFs may due to the inherent intrinsic material loss of the core compared with 

hollow core fibre and material purification is suggested for further loss deduction [2). For the MOF004 

fibre , extrinsic loss was also expected to rise from the imperfect fabrication, for example the geometry of 

the structure was asymmetric and the canes used as cladding had variable diameters (non-uniform in 

diameters). The cane shape is considered to be a very important factor in preform stacking process as 

different canes shapes will result a non-uniform cladding layer. The cladding shape is uniform in length 

as several corss-sections from different segments of the MOF004 were measured to be identical. Thi s 

suggests a symmetric cladding all solid MOF can be produced in a long distance fibre, if uniform 

diameter canes can be made. 

Several cross-sections from MOF004 fibre were viewed using ESEM, one bubble defect was found in the 

fibre. The bubble was about 1 J..lm which was found between the core and the cladding as shown in the 

ESEM image in Figure 6.20. Such defects may be expected to introduce excess scattering loss ' i.e. v ill 
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increase the total fibre loss. However, in general the bubble defects were seldom found in other part of the 

all solid MOFs. In addition, the bubble defects could be minimised by applying an internal vacuum 

during the fibre drawing process. In this case, when the drawing temperature increases, cladding and core 

materials soften and close the gaps between them. Again, uniform canes may also help to minimise the 

gaps between the core and cladding layers. 

6.2.4 Discussion of all-solid MOFs 

There are several disadvantages about the two glass compositions solid MOF compared with air/glass 

MOF: 

(1) More than one glass compositions required. Two glass compositions were used as core and 

cladding of the MOF, therefore, it is required to measure some of the glass properties related to the 

fabrication process. These glass properties include: refractive index, viscosity and thermal expansion 

coefficient. In addition, more material purification will be needed to mitigate the effect of intrinsic 

material loss. 

(2) More experimental steps involved. The idea of solid core MOF overcame some of the fabrication 

problems encountered in hollow core MOF manufacture in chalcogenide glasses. However, an extrusion 

technique was required to produce core/cladding preforms which caned for stacking of MOF preforms. 

This was not required in the hollow core MOF fabrication attempted in this project. To prepare the 

extruded canes, additional material purification, melting extrusion billets and polishing processes were 

required. In general, more experimental steps were involved for fabricating all solid MOFs. 

All-solid MOFs were fabricated using two glass compositions; step index multi-mode guiding was 

demonstrated. In order to obtain a single mode guiding in all-solid MOFs use this fabrication approach, 

several factors need to be considered: the core size and the cladding layers. In theory, equation 6-4 [23] 

was used to estimate a core diameter for single mode guiding in step index guiding fibres. 

2m-
0<-- n;ore - n;ladding < 2.405 

A 
6-4 
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where r is the radius of the core 2 2 • th . I f , n core - nc/adding IS e numenca aperture 0 the fibre. The refractive 

index of both core and cladding materials were taken from the experimental data which described in 

Chapter 4. The calculation shows that core diameter of 1.2 11m will be needed for single mode guiding in 

the all-solid chalcogenide glass MOF. The experimental results showed that the all-solid MOF fabrication 

approach is scalable, therefore, the core diameter could be modified to a desired dimension to realise 

single mode optical guiding. However, in current project, there was only one layer of cladding; therefore, 

the effective refractive index of the cladding may be different from the refractive index used in equation 

6-4. Ideally, a thicker cladding (multi-layers in this case) will give a better step index from the core. 

Therefore, in order to fabricate a single mode guiding all-solid MOF, multiple cladding layers are 

required. This will be discussed in future work in Chapter 7. 

Silica ampoule cracking problems 

When producing As40Se60 tubes via rotational casting method, cracking problem was encountered. 

Typically, a batch of more than 20 g of As40Se60 in a standard silica melting ampoule (10 mm I 14 mm 

ID/OD, 400 mm length) was required in order to produce As40Se60 glass tubes. The silica ampoule 

containing the As40Se60 was place vertically in an annealing furnace for annealing. The bottom of the 

silica ampoules was sometimes cracked during annealing before ampoule re-seal as listed in Table 6.1, 

rotational casted sample RC009. 

For more than a 20 g melt, it was found better to quench the melt into the 'homemade' sealed end of the 

melting ampoule rather than using the as-purchased rounded end of the melting ampOUle. This action was 

found to reduce the probability of the melting ampoule cracking during glass annealing. The reason may 

due to the contraction of the melt during cooling. The as-purchased rounded end ampoule may have had a 

non-flat inner surface from manufacture. The contraction of a small melt was not significant, but the 

contraction of a large melt may have caused a serious stress build up between the melt and the ampoule 

and consequently caused the ampoule to crack. The sealing point of the ampoule was normally close to 

the middle of the standard ampoule, therefore the inner surface was relatively flat; the contraction of the 

large melt did not affect the ampoule seriously. 
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Also, hydrofluoric acid etching [2] of the ampoule before batching was found to be able to prevent the 

ampoule from cracking. The hydrofluoric acid etching of the ampoule was carried out under fume 

extraction by Dr. D. Furniss and T. Buss at the University of Nottingham. At room temperature, the 

ampoules were places in a plastic beaker and filled with 0.4 vol % hydrofluoric acid in distilled water. 

Etching took 30 minutes and the ampoules were then rinsed 3 times with distilled water. Subsequent to 

this project, further work has revealed that this problem may be related to the processing of the ampoules 

at the manufactures [126]. 

6.3 Summary 

One of the objectives of this project is to fabricate a hollow core MOF in cha1cogenide glasses. This 

chapter firstly presents the results of the investigation of fabricating single glass composition (As40Se60) 

hollow core MOFs. In section 6.1, three As40Se60 hollow core fibre fabrications using As40Se60 were 

reported. These fabrications were partially successful to the stage of preform stacking. However, the 

rotationally cast tubes were caned by hand; therefore, it is highly probably that the preforms may have 

been assembled using canes with slightly different diameters. As the MOF preform was located in the 

centre of the RF susceptor in the fibre tower, a non-uniform cladding could cause a non-uniform heat 

distribution during fibre drawing. The fibre drawing results showed it was hard to control the dimensions 

in the inner tube canes and hence to achieve the desired MOF structures. The single glass composition 

hollow core MOFs could not be successfully drawn from these performs due to fabrication difficulties. 

Some recommendations were discussed to improve the fabrication, including applying pressure to the 

preform to support the canes shapes and to produce more uniform wall thickness canes. 

Alternatively, this chapter then shows two glass compositions all-solid MOFs were successfully drawn 

from As40Se60 and GeIOAs23.4Se66.6 cha1cogenide glasses. The results demonstrated that a solid core MOF 

overcomes some of fabrication problems that hollow core MOFs suffer. The optical loss of all-solid 

MOFs fabricated was not measured but the results of the modelling using the Lumerical software to be 

above 1 dB/m. The optical loss can be attributed to the fact that there was only one layer cladding, the 

core shape was slightly asymmetric and materials were not purified in order to improve intrinsic losses. 
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The successful fabrication of all-solid MOF demonstrates that these two cha1cogenide glass compositions 

are thermally, mechanically match and able to survive in a multiple process steps. The all solid MOF 

fabrication approach is scalable to future diverse applications. This fabrication success gives confidence 

that more complicated MOF structures such as multi-layer cladding in cha1cogenide glasses can be 

successfully realised in the near future. 
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Chapter 7 

Conclusions and Future work 

The aim of this project was the development and fabrication of optical waveguide in the forms of planar 

rib waveguides and Microstructured Optical Fibres (MOFs) using chalcogenide glasses. The most 

significant contributions of the work undertaken can be categorised the following achievements: 

(1) The properties of certain chalcogenide glasses are analysed and suitable glasses for rib waveguides 

and Microstructured Optical Fibres (MOFs) fabrications are suggested. 

(2) Rib waveguides are formed directly in cha1cogenide glass thin films using the hot embossing 

technique. 

(3) Whilst attempts to fabricate of multi-layer hollow core chalcogenide glass MOF unfortunately failed, 

all-solid MOFs using a cha1cogenide glass pair with sufficient index contrast are fabricated. It is 

suggested that the fabrications techniques can be extended to realise complex structures such as 

multi-layer cladding MOF in chalcogenide glasses in the near future. 

The remainder of this chapter will summarise and present the conclusion drawn from the experimental 

work carried out for each of above categories. Also, it will make suggestions for future work where 

appropriate. 

7.1 Suitable chalcogenide glasses 

(1) As40Se60, Ge17ASlSSe65 and GeIOAs23.4Se66.6 were analysed in terms of glass transition temperature, 

amorphous nature, thermal expansion coefficient (a), viscosity and refractive index (n). The Tg of 

As40Se60, Ge17ASlSSe65 and Ge IOAs23 .4Se66.6 are 180 ± 5°C, 235 ± 5°C and 180 ± 5°C, respectively. The 

amorphous nature of these glasses was confirmed using XRD. The refractive index was measured by 

means of ellipsometry for wavelengths of 0.3 to 2.3 !lm. According to the properties of these glasses, 

As40Se60 was chosen as the guiding material of rib waveguides and Ge17ASlSSe65 was used as a lower 
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refractive index substrates (optical cladding); As40Se60 was chosen as the core in the all-solid MOF and , 

the cladding material was GeIOAs23.4Se66.6. 

The refractive index of the thermally evaporated As40Se60 thin film samples increased after it was hot 

embossed. Enhanced understanding of this behaviour would benefit future design and fabrication of 

waveguides via the hot embossing technique. Therefore, further experiments to compare the 

as-evaporated and embossed samples should be continued: 

• The density of the sputtered thin film may change during the embossing process. The 

flat-embossed thin film thickness is therefore expected to be thinner than that of the 

as-evaporated samples. The quantity of the thin film thickness change before and after hot 

embossing may be related to the refractive index change. 

• The amorphous nature of thermally evaporated and sputtered thin films before and after 

embossing needs to be confirmed. The first sharp diffraction peak (FSDP) of XRD may 

potentially be used to estimate the atomic structure of materials. The thin film before and after 

embossing should therefore be analysed using this approach. 

• The surface quality before and after flat-embossing may vary. This could affect the refractive 

index measurement since the ellipsometry measurement assumes the conditions of surface layers 

are identically smooth and flat. It will therefore be essential to check the surface quality of 

samples using a SEM before and after flat-embossing. 

• The refractive indices of the thermally evaporated thin films before and after hot embossing are 

different. It will be interesting to investigate the refractive indices of thin films that are prepared 

using methods such as sputter coating. The process of hot embossing can potentially increase the 

refractive index of thin films to the value of the bulk material. An embossed sputter coated thin 

film is therefore expected to a have higher refractive index than that of the as-evaporated sample 

( densification). 
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7.2 Fabrication of Rib waveguides 

Rib waveguides were successfully fabricated via a novel hot embossing technique, with waveguides 

directly formed in a thin film of chalcogenide glasses for the first time. Two key factors are required for 

this fabrication: 

(a) The thermal expansion coefficient of the guiding material and the substrate material need to similar , 

(b) In order to achieve full patterning, the glass thin films need to be flat and in good contact with the 

mould during embossing. 

These factors were not achieved in the case of glass on semiconductor samples (GGS) and consequently 

some of these fabrication attempts failed. Replace the semiconductor substrate with a thicker 

chalcogenide glass substrate easily solved the problems, e.g. the thermal expansion coefficient of two 

chaicogenide glasses are similar; the thicker substrate acted as a levelling layer so the thin film was 

ensured to be flat and well contacted with the mould. 

The rib waveguide loss was calculated using Febri-Perot method to be 2.9 dB/cm; this value may be 

overestimated since the waveguide facets were not perfectly cleaved. However, experiments are needed to 

further reduce the optical loss. (1) Materials purification may help to minimise intrinsic loss at some 

particular wavelengths as mentioned in section 3.3.2. Therefore, As and Se precursor purifications are 

recommended for all the glass melting in the future. (2) The wall smoothness of the wall of moulds needs 

to be improved. The nature ofthe hot embossing technique is to transfer the pattern of the mould onto the 

surface of the thin film. Any defects in the mould will be transferred onto the thin film and will result in 

optical devices with high optical loss. Intuitively, a high quality mould is a key requirement for the 

fabrication of good quality rib waveguides via hot embossing. The use of wet etching techniques to 

produce a high quality silicon mould was proposed and will be carried on by a PhD student, Nabil Abdel 

Moneim, in the Novel Photonic Glasses Research Group, University of Nottingham. (3) Also, a clean 

processing environment for all the fabrication processes developed during the course of this project would 

help to avoid dust contamination in the samples which can minimise the fabrication defects. It is 

recommended that the hot embossing rig should be moved from a normal laboratory to a clean room. ("*) 
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A post-heat treatment of the ribs after-embossed will be a potential way to improve the surface quality 

even using a low quality mould. 

In this PhD project, the ribs fabricated were typically 5 - 7 mm in length which is relatively short. If 

longer rib waveguides could be fabricated using hot embossing then the cut-back method [1,2] could be 

used for optical loss measurement. The facility to make longer rib waveguides would also make it 

possible to attempt other optical structures such as optical couplers and splitters etc, also integrated 

components. 

7.3 Fabrication ofMOFs 

The air core band gap MOF has advantages in applications such as laser power delivery, so it will be an 

interesting but challenging task to fabricate a multi-layer hollow core MOF in cha1cogenide glass. As a 

stepping stone towards the fabrication of air core band-gap MOF, various wall thickness As40Se60 tubes 

were made via the rotational casting technique. The As40Se60 tubes were caned and stacked into a jacket 

As40Se60 tube to produce a multi-layer hollow core MOF prefonn. Several trials of fabricating multi-layer 

hollow core MOFs were made using the stack-and-draw method as described in Chapter 6. However, the 

aim of fabricating multi-layer hollow core MOFs in cha1cogenide glasses was not achieved in this project. 

This was mainly because of difficulties in maintaining the internal structure during fibre drawing. Fibre 

prefonns were successfully made but the inner stacked tube canes in the prefonn collapsed owing to lack 

of internal pressure during fibre drawing. These results showed that the hollow core multi-layer 

chalcogenide glass MOF remains a challenging task. Improvements are needed in the fabrication process 

such as increasing the pressure inside the prefonn during fibre drawing by introduce gas. Below are some 

suggestions for improvement to this technique and for future work. 

• In this PhD project, tube canes for stacking the MOF prefonn were made by rotational casting 

followed by cane drawing. Rotational casting is a fast way to produce tubes, but can result in 

non-unifonn wall thickness if the ampoule is not perfectly centred on its axis of rotation. 

Non-unifonn wall thickness in the tube canes may result in asymmetry of the MOF structure. An 
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• 

improvement of the ampoule alignment within the rotational casting rig may be needed in order 

to produce uniform wall thickness tubes. 

In the current project, the circular shaped canes were stacked inside a jacket tube to make the 

fibre preform. Intuitively, it would be easier and more stable to stack hexagonal shape tubes into 

the jacket tube. Extrusion is potentially able to fabricate tubes in a variety of shapes. A 

promising approach is therefore to produce hexagonal shape cha1cogenide glass tubes via 

extrusion and then to stack them in either a circular or hexagonal jacket tube to make the 

preform. 

• Instead of using the stack-and-draw method, the rod-in-tube method could be used to make the 

MOF preform. The extrusion method could be used to produce a multi-layer structure which 

then slots into a jacket tube to make a preform. The author suggests using a two layer cladding as 

an initial trial, since extrusion oftwo layers of hole has already been demonstrated by Feng et al. 

[91] in telluride glass. However, reports of the extrusion of cha1cogenide glass MOF preforms 

are rare in the literature. Depending upon the application, the sizes of the core and the 

surrounding holes, the hole pitches and the layer numbers in the extrusion die could be varied. 

Using extrusion to produce MOF preform requires a good understanding of glass properties such 

as viscosity. The viscosity of cha1cogenide glass changes very rapidly with the changing of 

processing temperature, so the extrusion temperature and load need to be carefully controlled. 

According to Feng et al. [31], single material hollow core MOF has a disadvantage that it is not possible 

to maintain a uniform microstructure profile in a kilometre-scale length MOF even in silica because the 

pressure inside of the holes in the MOF accumulates during fibre drawing. One solution for making a 

robust MOF is to fabricate an index-contrast, all-solid MOF. In this case the dimensions of the core and 

cladding can be maintained without controlling pressure inside of holes. In this project, this task was 

achieved via a combination of several processes including: rotational casting tubes, extrusion, preform 

stacking and fibre drawing. In this way a one-layer solid core MOF was successfully drawn from As40Se60 

and GeIOAs23.4Se66.6 glasses. Although the MOF structure was not perfectly symmetric, some defects were 

observed and the fibre was highly multi-mode, this approach presents a new and flexible route to 
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micro structuring chalcogenide glass fibres. Importantly, the glasses chosen in this project can withstand 

the multiple process steps, therefore, In the future, this fabrication approach could be extended to a range 

of further experiments, such as multi-layer cladding photonic bandgap all-solid MOFs and single mode 

all-solid MOF must be possible with 'usual' MOF designs. 

The one layer all-solid MOF fabricated in the current project has relatively high loss. This was partiall) 

because there was only one layer and the material precursors were not purified. The As and Se 

purification technique and distillation technique [2] were introduced in earlier and current studies for 

making highly purified bulk chalcogenide glasses. To fabricate low loss MOF using the purified 

precursors will be next goal for the all-solid MOF. 

The fabrication processes such as extrusion, rotational casting of tubes and fibre drawing of MOF were 

based on empirical estimation. Therefore, improper processing conditions may lead to distortion of tubes, 

surface oxidisation or crystallisation etc. Numerical modelling of the fabrication process could further our 

understanding of the pattern flow during extrusion and fibre drawing, and could help to modify a suitable 

process condition. 
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Appendix A: Refractive index of As4oSe6o samples prepared by University of Nottingham and University of Pardubice 

Wavelength / nm uofnOl(i)/n uofnOl(i)/k uofnOl(ii)/n uofnOl(ii)/k uofpOl(i)/n uofpOl(i)/k uofpOl(ii)/n uofpOl(ii)/k 

260 2.4499 1.7689 2.6402 1.6179 2.6391 1.6515 2.9112 1.5261 

280 2.6509 1.7142 2.8054 1.5366 2.8181 1.5647 3.0688 1.3862 

300 2.8308 1.6355 2.9471 1.4416 2.9696 1.4609 3.1858 1.2398 

320 2.9874 1.5385 3.0661 1.3378 3.0943 1.3468 3.268 1.0958 

340 3.12 1.4287 3.1637 1.2291 3.1938 1.2277 3.3221 0.95951 

360 3.2289 1.3109 3.2416 1.1189 3.2705 1.1081 3.3543 0.83381 

380 3.3155 1.1896 3.3019 1.0096 3.3271 0.99091 3.3696 0.71978 

400 3.3815 1.068 3.3464 0.90305 3.3665 0.87843 3.3723 0.61745 

420 3.429 0.9489 3.377 0.80069 3.3912 0.77206 3.3655 0.52628 

440 3.4602 0.83431 3.3958 0.70347 3.4036 0.67267 3.3518 0.44548 

460 3.4774 0.72564 3.4041 0.61205 3.4059 0.58069 3.333 0.37415 

480 3.4824 0.62385 3.4036 0.52683 3.3998 0.49629 3.3106 0.31141 I 

500 3.4771 0.52956 3.3955 0.44807 3.3868 0.41943 3.2856 0.25644 

520 3.4634 0.4431 3.3811 0.37588 3.3683 0.34996 3.2589 0.20848 

540 3.4425 0.36462 3.3614 0.31028 3.3454 0.28764 3.2312 0.16686 

560 3.4159 0.29414 3.3374 0.25124 3.3191 0.23223 3.203 0.131 

580 3.3846 0.23161 3.3098 0.1987 3.2901 0.18343 3.1746 0.10038 

600 3.3499 0.17689 3.2795 0.15256 3.2593 0.14097 3.1464 0.07455 

620 3.3126 0.12986 3.2471 0.11273 3.2272 0.10458 3.1188 0.05312 

640 3.2735 0.09034 3.2134 0.07909 3.1944 0.074 3.0919 0.03573 

660 3.2337 0.05818 3.1791 0.05154 3.1616 0.04901 3.0661 0.02209 

680 3.1939 0.03323 3.1447 0.02998 3.1291 0.02938 3.0415 0.01193 
'--- -----

A-i 



700 3.155 0.01533 3.1112 0.0143 3.0977 0.0149 3.0185 0.005 

720 3.1183 0.00433 3.0794 0.0044 3.068 0.00538 2.9975 0.0011 

740 3.0854 6.86E-05 3.0505 1.83E-04 3.0408 6.40E-04 2.9791 0 

760 3.0596 0 3.0274 0 3.0181 0 2.9643 0 

780 3.0386 0 3.0088 0 3 0 2.9517 0 

800 3.0207 0 2.993 0 2.9845 0 2.9408 0 

820 3.0051 0 2.9791 0 2.9711 0 2.931 0 

840 2.9913 0 2.9669 0 2.9593 0 2.9223 0 

860 2.9791 0 2.956 0 2.9487 0 2.9145 0 

880 2.9681 0 2.9462 0 2.9391 0 2.9074 0 

900 2.9581 0 2.9373 0 2.9305 0 2.9009 0 

920 2.949 0 2.9293 0 2.9227 0 2.895 0 

940 2.9408 0 2.9219 0 2.9155 0 2.8896 0 

960 2.9332 0 2.9151 0 2.9089 0 2.8846 0 

980 2.9262 0 2.9089 0 2.9029 0 2.8799 0 

1000 2.9198 0 2.9032 0 2.8973 0 2.8756 0 

1020 2.9138 0 2.8978 0 2.8921 0 2.8717 0 

1040 2.9083 0 2.8929 0 2.8873 0 2.8679 0 

1060 2.9032 0 2.8883 0 2.8828 0 2.8645 0 

1080 2.8984 0 2.884 0 2.8786 0 2.8613 0 

1100 2.8939 0 2.88 0 2.8747 0 2.8582 0 

1120 2.8897 0 2.8763 0 2.8711 0 2.8554 0 

1140 2.8858 0 2.8728 0 2.8676 0 2.8527 0 

1160 2.8821 0 2.8694 0 2.8644 0 2.8502 0 

i\-i i 



1180 2.8787 0 2.8663 0 2.8614 0 2.8478 0 

1200 2.8754 0 2.8634 0 2.8585 0 2.8456 0 

1220 2.8723 0 2.8607 0 2.8558 0 2.8435 0 

1240 2.8694 0 2.858 0 2.8533 0 2.8415 0 

1260 2.8667 0 2.8556 0 2.8509 0 2.8396 0 

1280 2.8641 0 2.8532 0 2.8486 0 2.8378 0 

1300 2.8616 0 2.851 0 2.8464 0 2.8361 0 

1320 2.8593 0 2.8489 0 2.8444 0 2.8345 0 

1340 2.857 0 2.8469 0 2.8424 0 2.833 0 

1360 2.8549 0 2.845 0 2.8406 0 2.8315 0 

1380 2.8529 0 2.8432 0 2.8388 0 2.8301 0 

1400 2.851 0 2.8415 0 2.8371 0 2.8288 0 

1420 2.8492 0 2.8399 0 2.8355 0 2.8275 0 

1440 2.8474 0 2.8383 0 2.834 0 2.8263 0 

1460 2.8458 0 2.8368 0 2.8325 0 2.8251 0 

1480 2.8442 0 2.8354 0 2.8311 0 2.824 0 

1500 2.8427 0 2.834 0 2.8298 0 2.823 0 

1520 2.8412 0 2.8327 0 2.8285 0 2.8219 0 

1540 2.8398 0 2.8314 0 2.8273 0 2.821 0 

1560 2.8385 0 2.8302 0 2.8261 0 2.82 0 

1580 2.8372 0 2.8291 0 2.825 0 2.8191 0 

1600 2.836 0 2.828 0 2.8239 0 2.8183 0 

1620 2.8348 0 2.8269 0 2.8229 0 2.8175 0 

1640 2.8337 0 2.8259 0 2.8219 0 2.8167 0 
-

A-iii 



1660 2.8326 0 2.8249 0 2.8209 0 2.8159 0 

1680 2.8315 0 2.8239 0 2.82 0 2.8152 0 

1700 2.8305 0 2.823 0 2.8191 0 2.8144 0 

1720 2.8295 0 2.8222 0 2.8182 0 2.8138 0 

1740 2.8286 0 2.8213 0 2.8174 0 2.8131 0 

1760 2.8277 0 2.8205 0 2.8166 0 2.8125 0 

1780 2.8268 0 2.8197 0 2.8159 0 2.8119 0 

1800 2.826 0 2.819 0 2.8151 0 2.8113 0 

1820 2.8252 0 2.8182 0 2.8144 0 2.8107 0 

1840 2.8244 0 2.8175 0 2.8137 0 2.8102 0 

1860 2.8236 0 2.8168 0 2.813 0 2.8096 0 

1880 2.8229 0 2.8162 0 2.8124 0 2.8091 0 

1900 2.8222 0 2.8155 0 2.8118 0 2.8086 0 

1920 2.8215 0 2.8149 0 2.8112 0 2.8081 0 

1940 2.8209 0 2.8143 0 2.8106 0 2.8077 0 

1960 2.8202 0 2.8137 0 2.81 0 2.8072 0 
I 1980 2.8196 
I 

0 2.8132 0 2.8095 0 2.8068 0 

I 2000 2.819 0 2.8126 0 2.809 0 2.8063 0 

2020 2.8184 0 2.8121 0 2.8084 0 2.8059 0 

2040 2.8178 0 2.8116 0 2.8079 0 2.8055 0 

2060 2.8173 0 2.8111 0 2.8075 0 2.8052 0 

2080 2.8168 0 2.8106 0 2.807 0 2.8048 0 

2100 2.8163 0 2.8102 0 2.8065 0 2.8044 0 
~-. 

2120 2.8158 0 2.8097 0 2.8061 0 2.8041 0 
- -

;\-iv 



2140 2.8153 0 2.8093 0 2.8057 0 2.8037 0 

2160 2.8148 0 2.8089 0 2.8053 0 2.8034 0 

2180 2.8143 0 2.8084 0 2.8049 0 2.8031 0 

2200 2.8139 0 2.808 0 2.8045 0 2.8028 0 

2220 2.8135 0 2.8077 0 2.8041 0 2.8024 0 

2240 2.813 0 2.8073 0 2.8037 0 2.8021 0 

2260 2.8126 0 2.8069 0 2.8033 0 2.8019 0 

2280 2.8122 0 2.8066 0 2.803 0 2.8016 0 

2300 2.8119 0 2.8062 0 2.8027 0 2.8013 0 
- -

A-v 



Appendix B: Refractive index of bulk As40Se60 and flat-embossed bulk As40Se60; 

thin film As40Se60 and flat-embossed thin film As40Se60 

Wavelength Bulk ZGLCF009 Wavelength Flat-embossed bulk ZGLCF007 Wavelength Thin film GG20080223 Wavelength Flat-embossed thin film GG20080223 f 

/nm n k /nm n k /nm n k /nm n k 

300 2.7634 1.8025 300 2.9869 1.7176 300 2.4525 1.7244 300 2.4254 1.7331 

325 2.9908 1.6876 320 3.1481 1.5958 305 2.5002 1.7122 305 2.4924 1.732 

350 3.1823 1.5439 340 3.2812 1.4617 310 2.5469 1.6984 310 2.5591 1.7269 

375 3.3353 1.3809 360 3.387 1.3209 315 2.5926 1.683 315 2.625 1.7181 

400 3.45 1.2077 380 3.4672 1.1782 320 2.6371 1.6662 320 2.69 1.7055 

425 3.5283 1.0324 400 3.5241 1.0374 325 2.6805 1.648 325 2.7536 1.6892 

450 3.5737 0.86142 420 3.5602 0.90156 330 2.7228 1.6284 330 2.8157 1.6694 

475 3.5902 0.69973 440 3.5783 0.77273 335 2.7637 1.6077 335 2.8758 1.6463 

500 3.5822 0.55092 460 3.5809 0.65242 340 2.8034 1.5857 340 2.9339 1.6199 

525 3.554 0.4175 480 3.5706 0.54161 345 2.8418 1.5626 345 2.9895 1.5906 

550 3.5096 0.30111 500 3.5494 0.44087 350 2.8789 1.5385 350 3.0426 1.5586 

575 3.453 0.20284 520 3.5194 0.35052 355 2.9145 1.5135 355 3.0929 1.5242 

600 3.3876 0.12341 540 3.4824 0.27069 360 2.9488 1.4876 360 3.1403 1.4875 

625 3.3172 0.063316 560 3.4399 0.20136 365 2.9817 1.4609 365 3.1848 1.449 

650 3.2457 0.022952 580 3.3935 0.14248 370 3.0132 1.4335 370 3.2261 1.4089 

675 3.1781 0.002611 600 3.3445 0.093938 375 3.0433 1.4054 375 3.2644 1.3675 

700 3.1243 0 620 3.2943 0.055611 380 3.0719 1.3768 380 3.2995 1.325 

725 3.0858 0 640 3.2443 0.027377 385 3.0992 1.3476 385 3.3316 1.2818 
-~ 

750 3.0551 0 660 3.1962 0.0091089 390 3.125 1.3181 390 3.3606 1.238 

775 3.0296 0 680 3.1522 0.00066761 395 3.1495 1.2881 395 3.3866 1.194 
--

l3-i 



800 3.008 0 700 3.117 0 400 3.1725 1.2579 400 3.4097 1.15 

825 2.9894 0 720 3.0897 0 405 3.1942 1.2274 405 3.4301 1.1061 

850 2.9732 0 740 3.0669 0 410 3.2146 1.1968 410 3.4478 1.0625 

875 2.959 0 760 3.0472 0 415 3.2336 1.1661 415 3.463 1.0194 

900 2.9463 0 780 3.0301 0 420 3.2514 1.1352 420 3.4758 0.977 

925 2.935 0 800 3.015 0 425 3.2678 1.1044 425 3.4864 0.93532 

950 2.9249 0 820 3.0015 0 430 3.283 1.0736 430 3.4948 0.8945 

975 2.9157 0 840 2.9894 0 435 3.2971 1.0429 435 3.5014 0.85462 

1000 2.9074 0 860 2.9784 0 440 3.3099 1.0123 440 3.5061 0.81575 

1025 2.8999 0 880 2.9685 0 445 3.3215 0.98189 445 3.5091 0.77794 

1050 2.893 0 900 2.9595 0 450 3.3321 0.95168 450 3.5106 0.74124 

1075 2.8867 0 920 2.9512 0 455 3.3415 0.92171 455 3.5107 0.70566 

1100 2.8809 0 940 2.9436 0 460 3.3499 0.89201 460 3.5095 0.67123 

1125 2.8755 0 960 2.9367 0 465 3.3573 0.86262 465 3.5071 0.63796 

1150 2.8706 0 980 2.9302 0 470 3.3637 0.83356 470 3.5036 0.60584 

1175 2.866 0 1000 2.9242 0 475 3.3692 0.80485 475 3.4992 0.57488 

1200 2.8617 0 1020 2.9187 0 480 3.3737 0.77653 480 3.4938 0.54507 
I 1225 2.8578 0 1040 2.9135 0 485 3.3773 0.74861 485 3.4877 0.51638 
I 1250 2.8541 0 1060 2.9087 0 490 3.3801 0.72111 490 3.4809 0.4888 

1275 2.8506 0 1080 2.9042 0 495 3.3821 0.69405 495 3.4735 0.46231 

1300 2.8474 0 1100 2.8999 0 500 3.3833 0.66745 500 3.4655 0.43689 

1325 2.8444 0 1120 2.896 0 505 3.3837 0.64131 505 3.4569 0.4125 

1350 2.8415 0 1140 2.8923 0 510 3.3835 0.61566 510 3.448 0.38912 

1375 2.8389 0 1160 2.8888 0 515 3.3825 0.5905 515 3.4386 0.36672 
- ~- --

B-ii 



1400 2.8364 0 1180 2.8855 0 520 3.3808 0.56585 520 3.429 0.34528 

1425 2.834 0 1200 2.8824 0 525 3.3786 0.5417 525 3.419 0.32476 

1450 2.8318 0 1220 2.8794 0 530 3.3757 0.51807 530 3.4088 0.30514 

1475 2.8297 0 1240 2.8767 0 535 3.3722 0.49497 535 3.3983 0.28638 

1500 2.8277 0 1260 2.874 0 540 3.3682 0.4724 540 3.3877 0.26847 

1525 2.8258 0 1280 2.8716 0 545 3.3637 0.45036 545 3.377 0.25136 

1550 2.824 0 1300 2.8692 0 550 3.3587 0.42886 550 3.3661 0.23504 

1575 2.8223 0 1320 2.867 0 555 3.3532 0.40791 555 3.3551 0.21947 

1600 2.8207 0 1340 2.8648 0 560 3.3473 0.38749 560 3.3441 0.20463 

1625 2.8191 0 1360 2.8628 0 565 3.3409 0.36762 565 3.333 0.1905 

1650 2.8177 0 1380 2.8609 0 570 3.3342 0.34829 570 3.3219 0.17705 

1675 2.8163 0 1400 2.859 0 575 3.327 0.32951 575 3.3108 0.16426 

1700 2.8149 0 1420 2.8573 0 580 3.3196 0.31128 580 3.2996 0.1521 

1725 2.8137 0 1440 2.8556 0 585 3.3117 0.29359 585 3.2886 0.14056 

1750 2.8125 0 1460 2.854 0 590 3.3036 0.27644 590 3.2775 0.1296 

1775 2.8113 0 1480 2.8524 0 595 3.2952 0.25984 595 3.2665 0.11922 

1800 2.8102 0 1500 2.851 0 600 3.2865 0.24377 600 3.2556 0.10939 

1825 2.8092 0 1520 2.8496 0 605 3.2775 0.22825 605 3.2447 0.1001 

1850 2.8081 0 1540 2.8482 0 610 3.2683 0.21326 610 3.2339 0.091315 

1875 2.8072 0 1560 2.8469 0 615 3.2589 0.19881 615 3.2233 0.083035 

1900 2.8062 0 1580 2.8457 0 620 3.2493 0.18489 620 3.2127 0.075236 

1925 2.8054 0 1600 2.8445 0 625 3.2395 0.1715 625 3.2022 0.067905 

1950 2.8045 0 1620 2.8434 0 630 3.2295 0.15864 630 3.1918 0.061025 

1975 2.8037 0 1640 2.8423 0 635 3.2194 0.14631 635 3.1816 0.054583 
- _ .. _.-
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2000 2.8029 0 1660 2.8412 0 640 3.2091 0.13449 640 3.1715 0.048565 

2025 2.8021 0 1680 2.8402 0 645 3.1988 0.1232 645 3.1615 0.042957 

2050 2.8014 0 1700 2.8392 0 650 3.1883 0.11242 650 3.1517 0.037747 

2075 2.8007 0 1720 2.8383 0 655 3.1777 0.10215 655 3.1421 0.032923 

2100 2.8 0 1740 2.8374 0 660 3.1671 0.092396 660 3.1325 0.028474 

2125 2.7994 0 1760 2.8365 0 665 3.1564 0.083149 665 3.1232 0.024387 

2150 2.7987 0 1780 2.8356 0 670 3.1457 0.074407 670 3.114 0.020654 

2175 2.7981 0 1800 2.8348 0 675 3.1349 0.066166 675 3.105 0.017263 

2200 2.7975 0 1820 2.834 0 680 3.1242 0.058424 680 3.0962 0.014204 

2225 2.797 0 1840 2.8333 0 685 3.1134 0.051178 685 3.0875 0.011469 

2250 2.7964 0 1860 2.8325 0 690 3.1027 0.044425 690 3.0791 0.0090477 

2275 2.7959 0 1880 2.8318 0 695 3.092 0.038162 695 3.0709 0.0069321 

2300 2.7954 0 1900 2.8311 0 700 3.0814 0.032386 700 < 3.0628 0.0051137 

1920 2.8305 0 705 3.0708 0.027094 705 3.055 0.0035843 

1940 2.8298 0 710 3.0603 0.022284 710 3.0474 0.0023363 

1960 2.8292 0 715 3.05 0.017953 715 3.0401 0.001362 

1980 2.8286 0 720 3.0398 0.014097 720 3.0331 0.00065431 

2000 2.828 0 725 3.0297 0.010713 725 3.0263 0.00020606 

2020 2.8275 0 730 3.0198 0.0077996 730 3.0198 1.04E-05 

2040 2.8269 0 735 3.0101 0.0053526 735 3.0138 0 

2060 2.8264 0 740 3.0007 0.0033691 740 3.0082 0 

2080 2.8259 0 745 2.9915 0.001846 745 3.0029 0 
--

2100 2.8254 0 750 2.9827 0.00077984 750 2.9978 0 

2120 2.8249 0 755 2.9742 0.00016712 755 2.9929 0 
- --- --
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2140 2.8244 0 760 2.9663 0 760 2.9883 0 

2160 2.8239 0 765 2.959 0 765 2.9838 0 

2180 2.8235 0 770 2.9522 0 770 2.9795 0 

2200 2.8231 0 775 2.9458 0 775 2.9753 0 

2220 2.8226 0 780 2.9397 0 780 2.9713 0 

2240 2.8222 0 785 2.9339 0 785 2.9674 0 

2260 2.8218 0 790 2.9283 0 790 2.9637 0 

2280 2.8215 0 795 2.923 0 795 2.96 0 

2300 2.8211 0 800 2.9178 0 800 2.9565 0 

805 2.9129 0 805 2.9531 0 

810 2.9082 0 810 2.9498 0 

815 2.9036 0 815 2.9466 0 

820 2.8991 0 820 2.9435 0 

825 2.8949 0 825 2.9405 0 

830 2.8907 0 830 2.9376 0 

835 2.8867 0 835 2.9347 0 

840 2.8828 0 840 2.932 0 

845 2.879 0 845 2.9293 0 

850 2.8754 0 850 2.9266 0 

855 2.8718 0 855 2.9241 0 

860 2.8684 0 860 2.9216 0 

865 2.865 0 865 2.9192 0 

870 2.8618 0 870 2.9168 0 

875 2.8586 0 875 2.9145 0 
- -
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880 2.8555 0 880 2.9122 0 

885 2.8525 0 885 2.91 0 

890 2.8496 0 890 2.9079 0 

895 2.8467 0 895 2.9058 0 

900 2.8439 0 900 2.9037 0 

905 2.8412 0 905 2.9017 0 

910 2.8385 0 910 2.8998 0 

915 2.836 0 915 2.8979 0 

920 2.8334 0 920 2.896 0 

925 2.831 0 925 2.8942 0 

930 2.8286 0 930 2.8924 0 

935 2.8262 0 935 2.8906 0 

940 2.8239 0 940 2.8889 0 

945 2.8217 0 945 2.8872 0 

950 2.8195 0 950 2.8856 0 

955 2.8173 0 955 2.884 0 

960 2.8152 0 960 2.8824 0 

965 2.8132 0 965 2.8809 0 

970 2.8111 0 970 2.8794 0 

975 2.8092 0 975 2.8779 0 

980 2.8072 0 980 2.8764 0 

985 2.8053 0 985 2.875 0 

990 2.8035 0 990 2.8736 0 

995 2.8017 0 995 2.8722 0 
-'-
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1000 2.7999 0 1000 2.8709 0 

1005 2.7981 0 1005 2.8696 0 

1010 2.7964 0 1010 2.8683 0 

1015 2.7948 0 1015 2.867 0 

1020 2.7931 0 1020 2.8658 0 

1025 2.7915 0 1025 2.8645 0 

1030 2.7899 0 1030 2.8633 0 

1035 2.7884 0 1035 2.8622 0 

1040 2.7868 0 1040 2.861 0 

1045 2.7853 0 1045 2.8599 0 

1050 2.7839 0 1050 2.8587 0 

1055 2.7824 0 1055 2.8576 0 

1060 2.781 0 1060 2.8566 0 
I 

1065 2.7796 0 1065 2.8555 0 

1070 2.7782 0 1070 2.8545 0 

1075 2.7769 0 1075 2.8534 0 

1080 2.7756 0 1080 2.8524 0 

1085 2.7743 0 1085 2.8514 0 

1090 2.773 0 1090 2.8505 0 

1095 2.7718 0 1095 2.8495 0 

1100 2.7705 0 1100 2.8486 0 

1105 2.7693 0 1105 2.8477 0 

1110 2.7681 0 1110 2.8467 0 

1115 2.767 0 1115 2.8458 0 
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1120 2.7658 0 1120 2.845 0 

1125 2.7647 0 1125 2.8441 0 

1130 2.7636 0 1130 2.8432 0 

1135 2.7625 0 1135 2.8424 0 

1140 2.7614 0 1140 2.8416 0 

1145 2.7603 0 1145 2.8408 0 

1150 2.7593 0 1150 2.84 0 

1155 2.7583 0 1155 2.8392 0 

1160 2.7572 0 1160 2.8384 0 

1165 2.7562 0 1165 2.8376 0 

1170 2.7553 0 1170 2.8369 0 

1175 2.7543 0 1175 2.8361 0 

1180 2.7533 0 1180 2.8354 0 

1185 2.7524 0 1185 2.8347 0 

1190 2.7515 0 1190 2.834 0 

1195 2.7506 0 1195 2.8333 0 

1200 2.7497 0 1200 2.8326 0 

1205 2.7488 0 1205 2.8319 0 

1210 2.7479 0 1210 2.8312 0 

1215 2.7471 0 1215 2.8306 0 

1220 2.7462 0 1220 2.8299 0 

1225 2.7454 0 1225 2.8293 0 

1230 2.7446 0 1230 2.8286 0 

1235 2.7438 0 1235 2.828 0 

B-VIII 



1240 2.743 0 1240 2.8274 0 

1245 2.7422 0 1245 2.8268 0 

1250 2.7414 0 1250 2.8262 0 

1255 2.7406 0 1255 2.8256 0 

1260 2.7399 0 1260 2.825 0 

1265 2.7391 0 1265 2.8244 0 

1270 2.7384 0 1270 2.8239 0 

1275 2.7377 0 1275 2.8233 0 

1280 2.737 0 1280 2.8228 0 

1285 2.7363 0 1285 2.8222 0 

1290 2.7356 0 1290 2.8217 0 

1295 2.7349 0 1295 2.8211 0 

1300 2.7342 0 1300 2.8206 0 

1305 2.7336 0 1305 2.8201 0 

1310 2.7329 0 1310 2.8196 0 

1315 2.7322 0 1315 2.8191 0 

1320 2.7316 0 1320 2.8186 0 

1325 2.731 0 1325 2.8181 0 

1330 2.7303 0 1330 2.8176 0 

1335 2.7297 0 1335 2.8171 0 

1340 2.7291 0 1340 2.8167 0 

1345 2.7285 0 1345 2.8162 0 

1350 2.7279 0 1350 2.8157 0 

1355 2.7273 0 1355 2.8153 0 

B-ix 



1360 2.7268 0 1360 2.8148 0 

1365 2.7262 0 1365 2.8144 0 

1370 2.7256 0 1370 2.814 0 

1375 2.7251 0 1375 2.8135 0 

1380 2.7245 0 1380 2.8131 0 

1385 2.724 0 1385 2.8127 0 

1390 2.7234 0 1390 2.8123 0 

1395 2.7229 0 1395 2.8118 0 

1400 2.7224 0 1400 2.8114 0 

1405 2.7219 0 1405 2.811 0 

1410 2.7214 0 1410 2.8106 0 

1415 2.7209 0 1415 2.8102 0 

1420 2.7204 0 1420 2.8098 0 

1425 2.7199 0 1425 2.8095 0 

1430 2.7194 0 1430 2.8091 0 

1435 2.7189 0 1435 2.8087 0 

1440 2.7184 0 1440 2.8083 0 

1445 2.7179 0 1445 2.808 0 

1450 2.7175 0 1450 2.8076 0 

1455 2.717 0 1455 2.8073 0 

1460 2.7166 0 1460 2.8069 0 

1465 2.7161 0 1465 2.8065 0 

1470 2.7157 0 1470 2.8062 0 
.---------~-

1475 2.7152 0 1475 2.8059 0 
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1480 2.7148 0 1480 2.8055 0 

1485 2.7144 0 1485 2.8052 0 

1490 2.7139 0 1490 2.8049 0 

1495 2.7135 0 1495 2.8045 0 

1500 2.7131 0 1500 2.8042 0 

1505 2.7127 0 1505 2.8039 0 

1510 2.7123 0 1510 2.8036 0 

1515 2.7119 0 1515 2.8032 0 

1520 2.7115 0 1520 2.8029 0 

1525 2.7111 0 1525 2.8026 0 

1530 2.7107 0 1530 2.8023 0 

1535 2.7103 0 1535 2.802 0 

1540 2.7099 0 1540 2.8017 0 

1545 2.7096 0 1545 2.8014 0 

1550 2.7092 0 1550 2.8011 0 

1555 2.7088 0 1555 2.8009 0 

1560 2.7085 0 1560 2.8006 0 

1565 2.7081 0 1565 2.8003 0 

1570 2.7077 0 1570 2.8 0 

1575 2.7074 0 1575 2.7997 0 

1580 2.707 0 1580 2.7995 0 

1585 2.7067 0 1585 2.7992 0 

1590 2.7063 0 1590 2.7989 0 

1595 2.706 0 1595 2.7987 0 

B-XI 



1600 2.7057 0 1600 2.7984 0 

1605 2.7053 0 1605 2.7981 0 

1610 2.705 0 1610 2.7979 0 

1615 2.7047 0 1615 2.7976 0 

1620 2.7044 0 1620 2.7974 0 

1625 2.704 0 1625 2.7971 0 

1630 2.7037 0 1630 2.7969 0 

1635 2.7034 0 1635 2.7966 0 

1640 2.7031 0 1640 2.7964 0 

1645 2.7028 0 1645 2.7961 0 

1650 2.7025 0 1650 2.7959 0 

1655 2.7022 0 1655 2.7957 0 

1660 2.7019 0 1660 2.7954 0 

1665 2.7016 0 1665 2.7952 0 

1670 2.7013 0 1670 2.795 0 

1675 2.701 0 1675 2.7948 0 

1680 2.7007 0 1680 2.7945 0 

1685 2.7004 0 1685 2.7943 0 

1690 2.7002 0 1690 2.7941 0 

1695 2.6999 0 1695 2.7939 0 

1700 2.6996 0 1700 2.7937 0 

1705 2.6993 0 1705 2.7934 0 
-

1710 2.6991 0 1710 2.7932 0 
-----

1715 2.6988 0 1715 2.793 0 
----------
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1720 2.6985 0 1720 2.7928 0 

1725 2.6983 0 1725 2.7926 0 

1730 2.698 0 1730 2.7924 0 

1735 2.6977 0 1735 2.7922 0 

1740 2.6975 0 1740 2.792 0 

1745 2.6972 0 1745 2.7918 0 

1750 2.697 0 1750 2.7916 0 

1755 2.6967 0 1755 2.7914 0 

1760 2.6965 0 1760 2.7912 0 

1765 2.6963 0 1765 2.791 0 

1770 2.696 0 1770 2.7908 0 

1775 2.6958 0 1775 2.7907 0 

1780 2.6955 0 1780 2.7905 0 

1785 2.6953 0 1785 2.7903 0 

1790 2.6951 0 1790 2.7901 0 

1795 2.6948 0 1795 2.7899 0 

1800 2.6946 0 1800 2.7897 0 

1805 2.6944 0 1805 2.7896 0 

1810 2.6942 0 1810 2.7894 0 

1815 2.6939 0 1815 2.7892 0 

1820 2.6937 0 1820 2.789 0 

1825 2.6935 0 1825 2.7889 0 

1830 2.6933 0 1830 2.7887 0 

1835 2.6931 0 1835 2.7885 0 

B-XIII 



1840 2.6928 0 1840 2.7884 0 

1845 2.6926 0 1845 2.7882 0 

1850 2.6924 0 1850 2.788 0 

1855 2.6922 0 1855 2.7879 0 

1860 2.692 0 1860 2.7877 0 

1865 2.6918 0 1865 2.7875 0 

1870 2.6916 0 1870 2.7874 0 

1875 2.6914 0 1875 2.7872 0 

1880 2.6912 0 1880 2.7871 0 

1885 2.691 0 1885 2.7869 0 

1890 2.6908 0 1890 2.7868 0 

1895 2.6906 0 1895 2.7866 0 

1900 2.6904 0 1900 2.7865 0 

1905 2.6902 0 1905 2.7863 0 

1910 2.69 0 1910 2.7862 0 

1915 2.6898 0 1915 2.786 0 

1920 2.6897 0 1920 2.7859 0 

1925 2.6895 0 1925 2.7857 0 

1930 2.6893 0 1930 2.7856 0 

1935 2.6891 0 1935 2.7854 0 

1940 2.6889 0 1940 2.7853 0 

1945 2.6888 0 1945 2.7851 0 

1950 2.6886 0 1950 2.785 0 

1955 2.6884 0 1955 2.7849 0 
-
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1960 2.6882 0 1960 2.7847 0 

1965 2.6881 0 1965 2.7846 0 

1970 2.6879 0 1970 2.7845 0 

1975 2.6877 0 1975 2.7843 0 

1980 2.6875 0 1980 2.7842 0 

1985 2.6874 0 1985 2.7841 0 

1990 2.6872 0 1990 2.7839 0 

1995 2.687 0 1995 2.7838 0 

2000 2.6869 0 2000 2.7837 0 

2005 2.6867 0 2005 2.7836 0 

2010 2.6866 0 2010 2.7834 0 

2015 2.6864 0 2015 2.7833 0 

2020 2.6862 0 2020 2.7832 0 

2025 2.6861 0 2025 2.7831 0 

2030 2.6859 0 2030 2.7829 0 

2035 2.6858 0 2035 2.7828 0 

2040 2.6856 0 2040 2.7827 0 

2045 2.6855 0 2045 2.7826 0 

2050 2.6853 0 2050 2.7824 0 

2055 2.6852 0 2055 2.7823 0 

2060 2.685 0 2060 2.7822 0 

2065 2.6849 0 2065 2.7821 0 

2070 2.6847 0 2070 2.782 0 

2075 2.6846 0 2075 2.7819 0 
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2080 2.6844 0 2080 2.7818 0 

2085 2.6843 0 2085 2.7816 0 

2090 2.6841 0 2090 2.7815 0 

2095 2.684 0 2095 2.7814 0 

2100 2.6839 0 2100 2.7813 0 

2105 2.6837 0 2105 2.7812 0 

2110 2.6836 0 2110 2.7811 0 

2115 2.6834 0 2115 2.781 0 

2120 2.6833 0 2120 2.7809 0 

2125 2.6832 0 2125 2.7808 0 

2130 2.683 0 2130 2.7807 0 

2135 2.6829 0 2135 2.7806 0 

2140 2.6828 0 2140 2.7805 0 

2145 2.6826 0 2145 2.7804 0 

2150 2.6825 0 2150 2.7802 0 

2155 2.6824 0 2155 2.7801 0 

2160 2.6823 0 2160 2.78 0 

2165 2.6821 0 2165 2.7799 0 

2170 2.682 0 2170 2.7798 0 

2175 2.6819 0 2175 2.7797 0 

2180 2.6818 0 2180 2.7796 0 

2185 2.6816 0 2185 2.7796 0 

2190 2.6815 0 2190 2.7795 0 

2195 2.6814 0 2195 2.7794 0 
--------
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2200 2.6813 0 2200 2.7793 0 

2205 2.6811 0 2205 2.7792 0 

2210 2.681 0 2210 2.7791 0 

2215 2.6809 0 2215 2.779 0 

2220 2.6808 0 2220 2.7789 0 

2225 2.6807 0 2225 2.7788 0 

2230 2.6806 0 2230 2.7787 0 

2235 2.6804 0 2235 2.7786 0 

2240 2.6803 0 2240 2.7785 0 

2245 2.6802 0 2245 2.7784 0 

2250 2.6801 0 2250 2.7783 0 

2255 2.68 0 2255 2.7783 0 

2260 2.6799 0 2260 2.7782 0 

2265 2.6798 0 2265 2.7781 0 

2270 2.6797 0 2270 2.778 0 

2275 2.6795 0 2275 2.7779 0 

2280 2.6794 0 2280 2.7778 0 

2285 2.6793 0 2285 2.7777 0 

2290 2.6792 0 2290 2.7777 0 

2295 2.6791 0 2295 2.7776 0 

2300 2.679 0 2300 2.7775 0 
- ~-
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Appendix C: Refractive index of three chalcogenide glasses, i.e. As40Se60' Ge17AslSSe65 and GeloAs23.4Se66.6 

prepared in the University of Nottingham 

As40Se60 Ge17As18Se65 

Wavelength ZGLCF009 Wavelength ZGLCF010 Wavelength 

/nm n k /nm n k /nm 

300 2.7634 1.8025 300 2.7778 1.3249 260 

325 2.9908 1.6876 320 2.8946 1.2246 280 

350 3.1823 1.5439 340 2.9918 1.117 300 

375 3.3353 1.3809 360 3.0699 1.005 320 

400 3.45 1.2077 380 3.1298 0.89117 340 

425 3.5283 1.0324 400 3.1726 0.77776 360 

450 3.5737 0.86142 420 3.1993 0.66674 380 

475 3.5902 0.69973 440 3.2112 0.55983 400 

500 3.5822 0.55092 460 3.2094 0.45855 420 

525 3.554 0.4175 480 3.1954 0.36427 440 

550 3.5096 0.30111 500 3.1705 0.27824 460 

575 3.453 0.20284 520 3.1361 0.20164 480 

600 3.3876 0.12341 540 3.0937 0.13561 500 

625 3.3172 0.063316 560 3.0451 0.081305 520 

650 3.2457 0.022952 580 2.9924 0.039879 540 

675 3.1781 0.0026111 600 2.9384 0.012538 560 

700 3.1243 0 620 2.8875 0.00048848 580 

725 3.0858 0 640 2.8491 0 600 

750 3.0551 0 660 2.8203 0 620 

Gel0As23.4Se66.6 

n 

2.4557 

2.6088 

2.7437 

2.8602 

2.9586 

3.0396 

3.1039 

3.1526 

3.1867 

3.2074 

3.2157 

3.2129 

3.2 

3.1783 

3.1489 

3.113 

3.072 

3.0273 

2.9808 

ZGLCF038 

k 

1.4565 

1.3922 

1.3138 

1.2248 

1.1284 

1.0273 

0.92389 

0.82014 

0.71782 

0.61842 

0.52322 

0.43333 

0.34971 

0.27322 

0.20466 

0.14477 

0.094255 

0.053822 

0.024175 
-

( ' . -1 

1 I I, ,I, 
! I I I 

I I' 'I 
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775 3.0296 0 680 2.7969 0 640 2.9349 0.006014 

800 3.008 0 700 2.7771 0 660 2.8936 0 

825 2.9894 0 720 2.7601 0 680 2.8634 0 

850 2.9732 0 740 2.7453 0 700 2.8396 0 

875 2.959 0 760 2.7322 0 720 2.8198 0 
-

900 2.9463 0 780 2.7206 0 740 2.8028 0 

925 2.935 0 800 2.7102 0 760 2.7881 0 

950 2.9249 0 820 2.7009 0 780 2.7752 0 

975 2.9157 0 840 2.6925 0 800 2.7637 0 

1000 2.9074 0 860 2.6848 0 820 2.7534 0 

1025 2.8999 0 880 2.6778 0 840 2.7442 0 

1050 2.893 0 900 2.6714 0 860 2.7358 0 

1075 2.8867 0 920 2.6655 0 880 2.7282 0 

1100 2.8809 0 940 2.66 0 900 2.7213 0 

1125 2.8755 0 960 2.655 0 920 2.7149 0 

1150 2.8706 0 980 2.6504 0 940 2.7091 0 

1175 2.866 0 1000 2.6461 0 960 2.7037 0 

1200 2.8617 0 1020 2.642 0 980 2.6987 0 

1225 2.8578 0 1040 2.6383 0 1000 2.6941 0 

1250 2.8541 0 1060 2.6348 0 1020 2.6898 0 

1275 2.8506 0 1080 2.6315 0 1040 2.6858 0 

1300 2.8474 0 1100 2.6284 0 1060 2.6821 0 

1325 2.8444 0 1120 2.6255 0 1080 2.6786 0 

1350 2.8415 0 1140 2.6228 0 1100 2.6754 0 
- -
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1375 2.8389 0 1160 2.6203 0 1120 2.6723 0 

1400 2.8364 0 1180 2.6179 0 1140 2.6694 0 

1425 2.834 0 1200 2.6156 0 1160 2.6667 0 

1450 2.8318 0 1220 2.6134 0 1180 2.6642 0 

1475 2.8297 0 1240 2.6114 0 1200 2.6618 0 

1500 2.8277 0 1260 2.6095 0 1220 2.6595 0 

1525 2.8258 0 1280 2.6076 0 1240 2.6574 0 

1550 2.824 0 1300 2.6059 0 1260 2.6553 0 I 

1575 2.8223 0 1320 2.6043 0 1280 2.6534 0 

1600 2.8207 0 1340 2.6027 0 1300 2.6516 0 

1625 2.8191 0 1360 2.6012 0 1320 2.6498 0 

1650 2.8177 0 1380 2.5998 0 1340 2.6482 0 

1675 2.8163 0 1400 2.5984 0 1360 2.6466 0 

1700 2.8149 0 1420 2.5971 0 1380 2.6451 0 

1725 2.8137 0 1440 2.5959 0 1400 2.6437 0 

1750 2.8125 0 1460 2.5947 0 1420 2.6423 0 

1775 2.8113 0 1480 2.5935 0 1440 2.641 0 

1800 2.8102 0 1500 2.5925 0 1460 2.6398 0 

1825 2.8092 0 1520 2.5914 0 1480 2.6386 0 

1850 2.8081 0 1540 2.5904 0 1500 2.6375 0 

1875 2.8072 0 1560 2.5895 0 1520 2.6364 0 

1900 2.8062 0 1580 2.5885 0 1540 2.6353 0 

1925 2.8054 0 1600 2.5877 0 1560 2.6343 0 

1950 2.8045 0 1620 2.5868 0 1580 2.6334 0 

C-iii 



1975 2.8037 0 1640 2.586 0 1600 2.6324 0 

2000 2.8029 0 1660 2.5852 0 1620 2.6315 0 

2025 2.8021 0 1680 2.5845 0 1640 2.6307 0 : 

2050 2.8014 0 1700 2.5837 0 1660 2.6299 0 

2075 2.8007 0 1720 2.583 0 1680 2.6291 0 

2100 2.8 0 1740 2.5824 0 1700 2.6283 0 

2125 2.7994 0 1760 2.5817 0 1720 2.6276 0 

2150 2.7987 0 1780 2.5811 0 1740 2.6269 0 

2175 2.7981 0 1800 2.5805 0 1760 2.6262 0 

2200 2.7975 0 1820 2.5799 0 1780 2.6256 0 

2225 2.797 0 1840 2.5793 0 1800 2.6249 0 

2250 2.7964 0 1860 2.5788 0 1820 2.6243 0 

2275 2.7959 0 1880 2.5783 0 1840 2.6237 0 

2300 2.7954 0 1900 2.5777 0 1860 2.6232 0 

1920 2.5773 0 1880 2.6226 0 

1940 2.5768 0 1900 2.6221 0 

1960 2.5763 0 1920 2.6216 0 

1980 2.5759 0 1940 2.6211 0 

2000 2.5754 0 1960 2.6206 0 

2020 2.575 0 1980 2.6201 0 

2040 2.5746 0 2000 2.6197 0 

2060 2.5742 0 2020 2.6192 0 

2080 2.5738 0 2040 2.6188 0 

2100 2.5734 0 2060 2.6184 0 
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2120 2.5731 0 2080 2.618 0 

2140 2.5727 0 2100 2.6176 0 

2160 2.5724 0 2120 2.6172 0 

2180 2.5721 0 2140 2.6168 0 

2200 2.5717 0 2160 2.6165 0 
I 

2220 2.5714 0 2180 2.6161 0 

2240 2.5711 0 2200 2.6158 0 

2260 2.5708 0 2220 2.6155 0 

2280 2.5705 0 2240 2.6152 0 

2300 2.5702 0 2260 2.6148 0 

2280 2.6145 0 

2300 2.6143 0 
--
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Appendix D: Refractive index of Ge17AslSSe65 uofngas_Ol (i),(ii),(iii) and (iv) 

Wavelength uofngas_Ol(i) uofngas_Ol(i) uofngas_Ol(i) uofngas_Ol(i) 

/nm n k n k n k n k 

300 2.7455 1.443 2.8054 1.3687 2.8077 1.3424 2.7788 1.398 

320 2.8879 1.3336 2.9268 1.256 2.9266 1.2316 2.9066 1.2883 

340 3.006 1.2115 3.0258 1.1357 3.0239 1.1134 3.0123 1.1694 

360 3.0995 1.0815 3.1029 1.0114 3.1001 0.99086 3.0961 1.0449 

380 3.169 0.94789 3.1595 0.88624 3.1562 0.86708 3.1588 0.91818 

400 3.2158 0.8145 3.1969 0.76291 3.1934 0.74462 3.2016 0.792 

420 3.2416 0.68463 3.2166 0.64369 3.2129 0.62576 3.2258 0.66892 

440 3.2484 0.56102 3.2204 0.53051 3.2162 0.5125 3.2328 0.55117 

460 3.2383 0.4459 3.2098 0.42501 3.2048 0.40663 3.2242 0.44068 

480 3.2136 0.34114 3.1867 0.32857 3.1802 0.30976 3.2018 0.33916 

500 3.1765 0.24824 3.1528 0.24245 3.1442 0.2234 3.1673 0.24817 

520 3.1294 0.16848 3.1099 0.16773 3.0986 0.14899 3.1225 0.16918 

540 3.0748 0.10297 3.0599 0.10546 3.0455 0.08797 3.0696 0.10359 

560 3.0153 0.05273 3.0051 0.05666 2.9874 0.04181 3.0112 0.05281 

580 2.9541 0.01871 2.9481 0.02234 2.9277 0.01203 2.9503 0.01828 

600 2.8958 0.00181 2.8927 0.0035 2.8721 1.52E-04 2.8918 0.00146 

620 2.8496 0 2.8463 0 2.8316 0 2.8461 0 

640 2.8161 0 2.8131 0 2.801 0 2.8129 0 

660 2.7891 0 2.7866 0 2.7761 0 2.7861 0 

680 2.7666 0 2.7645 0 2.7552 0 2.7638 0 

700 2.7473 0 2.7456 0 2.7372 0 2.7447 0 

720 2.7306 0 2.7293 0 2.7215 0 2.7281 0 

740 2.716 0 2.715 0 2.7078 0 2.7135 0 

760 2.703 0 2.7023 0 2.6956 0 2.7007 0 

780 2.6915 0 2.691 0 2.6847 0 2.6892 0 

800 2.6811 0 2.6808 0 2.6749 0 2.6789 0 

820 2.6718 0 2.6717 0 2.6661 0 2.6696 0 

840 2.6633 0 2.6634 0 2.6581 0 2.6612 0 

860 2.6556 0 2.6558 0 2.6508 0 2.6535 0 

880 2.6486 0 2.6489 0 2.6441 0 2.6465 0 

900 2.6421 0 2.6426 0 2.638 0 2.6401 0 

920 2.6362 0 2.6368 0 2.6324 0 2.6341 0 

940 2.6307 0 2.6314 0 2.6272 0 2.6287 0 

960 2.6256 0 2.6264 0 2.6224 0 2.6236 0 

980 2.6209 0 2.6218 0 2.6179 0 2.619 0 

1000 2.6166 0 2.6176 0 2.6137 0 2.6146 0 

1020 2.6125 0 2.6136 0 2.6099 0 2.6106 0 

1040 2.6087 0 2.6099 0 2.6063 0 2.6068 0 

1060 2.6052 0 2.6064 0 2.6029 0 2.6032 0 
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1080 2.6018 0 2.6031 0 2.5997 0 2.5999 0 

1100 2.5987 0 2.6001 0 2.5968 0 2.5968 0 

1120 2.5958 0 2.5972 0 2.594 0 2.5939 0 

1140 2.593 0 2.5945 0 2.5913 0 2.5912 0 

1160 2.5905 0 2.5919 0 2.5889 0 2.5886 0 

1180 2.588 0 2.5895 0 2.5865 0 2.5862 0 
1200 2.5857 0 2.5873 0 2.5843 0 2.5839 0 
1220 2.5835 0 2.5851 0 2.5823 0 2.5817 0 
1240 2.5815 0 2.5831 0 2.5803 0 2.5796 0 
1260 2.5795 0 2.5812 0 2.5784 0 2.5777 0 
1280 2.5776 0 2.5793 0 2.5766 0 2.5758 0 
1300 2.5759 0 2.5776 0 2.575 0 2.5741 0 
1320 2.5742 0 2.576 0 2.5733 0 2.5724 0 
1340 2.5726 0 2.5744 0 2.5718 0 2.5708 0 

1360 2.5711 0 2.5729 0 2.5704 0 2.5693 0 

1380 2.5696 0 2.5715 0 2.569 0 2.5678 0 

1400 2.5682 0 2.5701 0 2.5677 0 2.5664 0 

1420 2.5669 0 2.5688 0 2.5664 0 2.5651 0 

1440 2.5657 0 2.5676 0 2.5652 0 2.5639 0 

1460 2.5645 0 2.5664 0 2.564 0 2.5627 0 

1480 2.5633 0 2.5653 0 2.5629 0 2.5615 0 

1500 2.5622 0 2.5642 0 2.5619 0 2.5604 0 

1520 2.5611 0 2.5631 0 2.5609 0 2.5594 0 

1540 2.5601 0 2.5621 0 2.5599 0 2.5583 0 

1560 2.5592 0 2.5612 0 2.559 0 2.5574 0 

1580 2.5582 0 2.5603 0 2.5581 0 2.5564 0 

1600 2.5573 0 2.5594 0 2.5572 0 2.5555 0 

1620 2.5565 0 2.5585 0 2.5564 0 2.5547 0 

1640 2.5556 0 2.5577 0 2.5556 0 2.5539 0 

1660 2.5548 0 2.5569 0 2.5548 0 2.5531 0 

1680 2.5541 0 2.5562 0 2.5541 0 2.5523 0 

1700 2.5533 0 2.5554 0 2.5534 0 2.5516 0 

1720 2.5526 0 2.5547 0 2.5527 0 2.5508 0 

1740 2.5519 0 2.5541 0 2.5521 0 2.5502 0 

1760 2.5513 0 2.5534 0 2.5514 0 2.5495 0 

1780 2.5506 0 2.5528 0 2.5508 0 2.5489 0 

1800 2.55 0 2.5522 0 2.5502 0 2.5482 0 

1820 2.5494 0 2.5516 0 2.5496 0 2.5477 0 

1840 2.5488 0 2.551 0 2.5491 0 2.5471 0 

1860 2.5483 0 2.5505 0 2.5486 0 2.5465 0 

1880 2.5478 0 2.55 0 2.548 0 2.546 0 

1900 2.5472 0 2.5494 0 2.5475 0 2.5455 0 
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1920 2.5467 0 2.5489 0 2.5471 0 2.545 0 

1940 2.5462 0 2.5485 0 2.5466 0 2.5445 0 

1960 2.5458 0 2.548 0 2.5461 0 2.544 0 

1980 2.5453 0 2.5476 0 2.5457 0 2.5435 0 

2000 2.5449 0 2.5471 0 2.5453 0 2.5431 0 

2020 2.5444 0 2.5467 0 2.5449 0 2.5427 0 

2040 2.544 0 2.5463 0 2.5445 0 2.5423 0 

2060 2.5436 0 2.5459 0 2.5441 0 2.5419 0 

2080 2.5432 0 2.5455 0 2.5437 0 2.5415 0 

2100 2.5429 0 2.5451 0 2.5433 0 2.5411 0 

2120 2.5425 0 2.5448 0 2.543 0 2.5407 0 

2140 2.5421 0 2.5444 0 2.5427 0 2.5404 0 

2160 2.5418 0 2.5441 0 2.5423 0 2.54 0 

2180 2.5414 0 2.5437 0 2.542 0 2.5397 0 

2200 2.5411 0 2.5434 0 2.5417 0 2.5393 0 

2220 2.5408 0 2.5431 0 2.5414 0 2.539 0 

2240 2.5405 0 2.5428 0 2.5411 0 2.5387 0 

2260 2.5402 0 2.5425 0 2.5408 0 2.5384 0 

2280 2.5399 0 2.5422 0 2.5405 0 2.5381 0 

2300 2.5396 0 2.5419 0 2.5402 0 2.5378 0 
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