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Abstract

It has been known for many years that most types of glass fluoresce visibly when excited by ultraviolet light (UV).  Examination of glass under a ‘black-light’ is a widely used, if coarse, technique.  Over fifty years ago fluorescence (or more generally luminescence) analysis was forecast to have a great future in all branches of glass analysis.  So far this potential is unfulfilled, except in the specialist area of lasers.

This paper reviews the author’s work over the last decade to realise a practical luminescence system to facilitate scientific analysis of post-medieval vessel glass. This new system is required, since existing techniques in use on earlier and later glasses are not well suited for the problems posed by post-medieval artefacts.

A prototype system is featured and work to develop, evaluate and calibrate this is discussed.  Example results are shown for stem fragments excavated on English, Irish and Jamaican seventeenth century sites.  Already this pioneering work has given unique insights into how early lead glass was made.  These appear to correlate with a published 17th century text and so cast new light on how lead glass was ‘invented’. The system has also provided new information on the use of decolourants, such as: manganese and low concentrations of cobalt, in early crystal glass manufacture.  

The paper concludes by looking at the long-term potential for this type of technique and recommends priorities for the major developments needed to realise this potential.

Introduction

Over fifty years ago the analysis of glass by its luminescence under ultraviolet (UV) light was forecast to be a key future technology (reference 1).  This prediction has yet to be realised.  This paper addresses practical work with a prototype luminescence system – GABEL (Glass Analysis By Emitted Light) - to analyse 17th century glass.  It gives a brief overview of the issues associated with analysing 17th C glass, the objectives of the system and glass luminescence, before discussing the prototype system and some of the results that have been achieved with it.  These results give a glimpse of the role that luminescence analysis might play in the study of archaeological/historical glass, particularly that from the 17th century.

17thC glass analysis 

It is a useful simplification to distinguish between the ‘scientific’ study of archaeological glass and the ‘artistic’ study of historic (complete) glass.  The study of 17th and early 18th century glass falls between these two approaches.  Approximately 95% of known English drinking glass from c.1670 comes from archaeological sources, whereas 30 years later the position is reversed, with about 95% of the known glasses being complete survivals.  Since this spans a period of rapid change in glass technology, lack of analysis techniques suitable for both archaeological and complete glasses has constrained the study of these technology changes.  Thus the work reported here was motivated by the desire to find a suitable technique for scientific analysis of both types of glass from this important period, not to seek additional uses for an analytical technique. The objectives of this glass analysis system are thus to:

· produce as much information as possible from samples, to support the study of glass technology of the period and complement documentary sources, both in terms of the raw materials used and the manufacturing  processes employed;

· deal with surviving complete glasses with minimal risk to the glasses and excavated fragments with minimal surface preparation;

· support the analysis of  heterogeneous glass, since homogeneity cannot be assumed as this period (e.g. reference 2).

Current Techniques

Current glass analysis methods usually rely on measuring the response of its atoms to high-energy excitation. All these have a potential to permanently alter the surface of the glass: the higher the excitation energy, the higher the risk. High-energy electrons are deliberately used to modify glass surfaces in the production of optical integrated circuits (reference 3). Thus X-ray, electron and ion excitation techniques pose a risk to high-value complete glasses. In addition these are essentially surface analysis techniques, so, for repeatable results, weathered surfaces of samples are usually removed by grinding.  Finally these atomic spectroscopy techniques yield little information on the molecular structure of the glass that might indicate the processes used.  Non-spectrographic methods, such as wet chemical analysis were considered but discarded as being too limited and unreliable.

Glass luminescence

Luminescence is an umbrella term that describes two related phenomena: fluorescence, which is light emitted while excitation is present, and phosphorescence, which relates to light emitted some time after. What makes glass luminesce? When some atoms absorb a packet of light energy (photon), it causes one of the outer electrons to move out to a farther orbit.  As described by quantum mechanics, atoms will only absorb radiation that has the right amount of energy to match that needed for an electron jump to a free orbit.  A photon’s energy depends on its wavelength (colour), with violet having higher energy than red.  When the electron falls back to its initial orbit, it gives off another photon.  This photon has lower energy than the excitation photon, so is shifted towards the red end of the spectrum compared with the one absorbed. However, the outer electrons of atoms are those that participate in ionic bonding of molecules, so both the emitted colour and the colour that excites the emission are altered by the chemical bonds in which the atom participates.  Thus luminescence is strictly an ion spectroscopy technique.  In well ordered materials, all the ions are in similar environments, so absorption and emission occur over narrow bands.  Glass, however, is a disordered solid, so absorption and emission take place over broader bands, except where the ions are involved as network formers.  Some ions absorb photons, but do not re-emit; iron (Fe3) for example.  This class of ion cannot be directly detected by luminescence, but only by their influence on the luminescence of other ions. 
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Figure 1 (courtesy Donny Hamilton, Texas A&M, Jamaica National Heritage Trust, and the Institute of Nautical Archaeology)

By plotting corrected emission intensity as a function of excitation and emission wavelengths, a response surface is produced that gives an insight into the ionic constituents of the glass. Figure 1 above illustrates some early results from an ‘S’ sealed stem excavated from the sunken city of Port Royal in Jamaica.
Prototype system

In the prototype system, glass luminescence is analysed using a modified Aminco Bowman fluorescence spectrometer. In this equipment, excitation from a Xenon arc-lamp source is dispersed by a grating monochromator. Computer controlled measurements are made at 10 nm excitation intervals over a range of 230 to 380 nm. Luminescence output from the glass, dispersed by another grating monochromator, is sensed by a photomultiplier. An excitation light by-pass and a chopper wheel allow ratiometric correction to be made that removes the influence of arc lamp brightness variation. Output from the photomultiplier is fed to a host computer via a 12-bit analogue to digital converter, with the chopped output waveform being synchronised by software. The output range scanned is 330 to 630 nm (UV/violet-orange/red) at 10 nm intervals, except that no measurements are made within 40 nm of the excitation wavelength to reduce surface reflection effects. Data is post-processed to further reduce the effect of these reflections and this processing also corrects for variations in measurement sensitivity with wavelength. Emission and excitation monochromator positions have been optically calibrated against the standard emission ‘lines’ of a mercury lamp and their positions are electrically calibrated at the start of each day’s analysis.

The GABEL prototype meets the analysis system objectives set out above, since UV light is the lowest energy excitation that yields an adequate diagnostic fluorescence output.  It is not just a surface technique, but penetrates into the body of the glass and measurement spot size could be selected to give any required spatial resolution (it is currently about a 2mm-diameter spot).  It is also an ionic technique, with the potential to provide process as well as content information.  It is non-destructive, requires little, if any, sample preparation and is compatible with a wide range of sample sizes.  With the expansion of the photonics market, it is now possible to produce suitable portable equipment to meet these objectives, mainly by assembling relatively inexpensive off-the-shelf components.  The only bespoke items would probably be a fibre-optic cable assembly and analysis software.  

Analysis results

There is only room here for a small sample of results. Reference 4 gives additional examples.  Figure 2 below shows typical output results, plotted in the form of a contour plot.  This has proved the easiest presentation to work with and a standard overlay has been produced to aid the analysis process.  The location of intensity peaks is indicative of a specific ion, in this case the major ones are lead and calcium.  The height of some peaks can be used as an indicator of relative concentrations, but it is not usually possible to get exact quantitative results from these intensities. The correct identification of peaks represents a potential problem. Three ways have been used to identify peak locations:

· standard tables of spectroscopic absorption and emission lines (least reliable in this context);  

· published studies of glass luminescence, e.g. references 1, 5-7;

· analysis of standard calibration samples.

The last is the most effective and I am indebted to Dr Bob Brill of the Corning Museum of Glass and Cesare Moretti of Stazione Sperimentale del Vetro, for the opportunity to analyse a selection of their high-quality laboratory glass melts.  
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Figure 2 (courtesy Chris Hawkes and Wells Museum)

Lead, calcium, antimony, chromium, cobalt, boron potash and soda can be detected directly with this system and iron, aluminium, manganese, magnesium and phosphorous can be detected indirectly due to absorption effects. 
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Figure 3 

Most determinations are qualitative, but it is possible to derive some quantitative measurements of lead content, for example, since changing concentration of lead shifts the peak absorption and emission wavelengths. This is presumably due to the large lead ions distorting the glass network. 

Figure 3 shows the approximate excitation and emission wavelengths for the peak intensity of lead-oxide fluorescence for fifteen mid / late 17th C lead glasses. For many of these, specific gravity measurements and / or X-ray fluorescence analysis have independently confirmed the presence of the lead in the glass.  Superimposed on this graph is a calibration line derived from analysis of four 19 series Corning laboratory glasses.  The labels denote the weight percentage of lead in each glass.  It can be seen that the calibration line passes through one group of points, but another family of points around 280nm excitation and 350nm emission wavelengths is remote from the line. Also, the nature of the peaks from each family is quite different.  Figure 2 shows examples of both kinds of peak, labelled Pb1 and Pb2.  Both are of similar height, but it can be seen that Pb1 is a very sharp peak with little dispersion, whilst Pb2 is a very highly dispersed peak (‘rounded hump’).  The 19 series of glasses all show ‘Pb2’ type peaks and thus both the positions of the peaks and their form support their being two distinct families of responses.

On stylistic grounds, the glasses with the ‘Pb1’ type responses appear earlier than those with ‘Pb2’ type responses.  Thus this difference appears to provide a very important indicator for late 17th C glasses. The most likely explanation is that the sharp ‘Pb1’ type of peak relates to lead oxide present in the glass as a network forming ion (thus having consistent inter-atomic spacing), whilst the dispersed peak is lead present as a network modifier.  These almost certainly relate to different melting processes, the former, a two-stage process with lead introduced to the batch as a high-lead glass (lead silicate) and the latter, a single stage process with lead oxide being introduced with the other ingredients. This first appears consistent with a process described by J.R. Glauber in about 1648 (reference 8).  Work is underway to try to reproduce Pb1 type peaks with test glass melts made this way.

Another major insight from the results using this analysis system has been into the use of decolourants, such as manganese and low concentrations of cobalt, in early crystal glass manufacture.  There is also chromium oxide in a number of early glasses.  This appears more likely to be an impurity, than a deliberate addition, but it is not nearly as common in later glasses. It is unclear if this is a result of: the switch from flint to sand as the principle source of silica, changing the source of mined glass making sand, or the use of better sand screening and washing techniques. 

Conclusion

The prototype luminescence analysis system has worked well and, with small-scale development, has met its objectives. As the discussion on the analysis of lead in glass has shown, this technique has both the advantage and disadvantage that the results are influenced by detailed molecular structure.  The disadvantage is that the interpretation of the results is complex.  The advantage is that there is additional diagnostic information present that can substantially increase the information obtained from the analysis.  No other analysis system has shown up the early lead glass process differences discussed here. Current trends in the cost of computing power and photonic equipment suggest that the future will favour the advantages rather than the disadvantages.

There remain two challenges, improving the sample interface and increasing the automation of result analysis.  The sample interface is not ideal for luminescence measurements, but is constrained by the need to test relatively large glass objects, with relatively high absorption of the excitation beam.  This works adequately with smooth surfaces but can lead to undesirable excitation cross-talk with rough surfaces.  Interface optic design, polarisation and flash excitation all hold potential for improvement. Many different strategies could be used to develop computer-assisted feature-extraction analysis techniques.  Some are analogous to those used for the analysis of energy-dispersive x-ray fluorescence, but it is really a matter of identifying the best approach.

The predictions of fifty years ago, that analysis by glass luminescence had a bright future, were perhaps premature.  However, there appears every chance that they will be proved right in the end
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