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              Preface
 
              This book attempts to describe the emerging area of scientific endeavour being carried out in research libraries. The scientific analysis and investigation of heritage material has a long history in museums. The first in-house museum laboratory was established in 1920 at the British Museum, London, where Harold Plenderleith, an early pioneer of conservation famous for his seminal book (Plenderleith 1956), worked in the newly created Department of Scientific and Industrial Research. In the century following, scientific methodologies and applications have been revolutionized. Techniques have phased in and out of fashion, much smaller samples are sufficient for many techniques, while non-destructive analysis without sampling is possible with others.
 
              Scientific analysis and research have historically been practised much less in libraries than in museums. As will be apparent throughout the text of this book, the main restraints have been the requirement to take samples and the difficulties in applying existing technologies safely to complete objects. Recent advances in commercially available portable analytical equipment and bespoke apparatus designed specifically to be used with library material has led to a slow increase in research activity.
 
              As a scientist at the Bodleian Libraries, University of Oxford, I worked almost exclusively with library materials and have gained experience in using a number of techniques. I decided that I was well placed to write a book specifically aimed at describing the scientific research I carry out in the Bodleian Libraries but including other research carried out in libraries more generally.
 
              Two facts emerged during the long period it has taken to write this. The first was that although I was familiar with all of the techniques described, there are so many that with some I was more practitioner or technician than expert. Some chapters have been kindly co-authored by leaders in their fields: Andrew Beeby, Kelly Domoney, and Anita Quye.
 
              The second was the realization that the level of information in each chapter had to be aimed at the target audience of conservators, curatorial staff and conservation managers. To this end I was extremely grateful that Ludo Snijders, an archaeologist, was persuaded to be a co-author to the whole volume, giving each chapter a standard format and increased legibility and clarity. Ludo and I have been working together for over five years on issues related to the Bodleian Libraries’ collection of (precolonial) Mexican manuscripts. From his standpoint slightly outside the field of conservation science, Ludo simplified some explanations while at the same time not dumbing down the content.
 
              This is not a manual or a science textbook. Such books, such as Skoog, Holler and Crouch (2017) are written for scientists and students of science. The aim of this book is to provide for the reader an introduction to the types of scientific research possible in libraries, how the techniques can be applied, some of the underlying science, and some of the possible pitfalls and risks. This is to help decision makers, whether conservators weighing up risks to an object by carrying out analysis against the risks of not having the results of analysis or managers making decisions on whether to fund or raise funding for a particular activity.
 
               
                David Howell
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            Chapter 1 Introduction
 
          
 
          The purpose of this long-requested work is to fulfil the demand for a book on science and heritage, particularly library materials. Most conservators and curators are from arts and humanities backgrounds, and science is not necessarily a language that is generally understood. At the same time, there are an increasing number of announcements in both the general and academic press that major discoveries have been made in heritage collections, using scientific methodologies. This results in a number of reactions from library professionals, sometimes including suspicion of techniques, often due to the fact that they do not know enough about it to feel confident that the techniques are safe for objects. On the other end of the spectrum of reactions is the wish for access to the same ‘magic’. So, the demand for access to analytical services is real, but the understanding of what is available and what techniques are appropriate for each specific question is not yet well formed.
 
          The term ‘scientific methodologies’ requires some elaboration here. This is not a chemistry book, or a textbook on chemical analysis. It concentrates purely on techniques that are available for use in libraries, or at least on library materials. It elaborates on what they can be used to investigate, and a brief description of why they work and how they are applied. The techniques described here are also not limited to chemical analysis but encompass many of the various techniques that can be used to find out more about our library materials, not just in knowledge of materials but also revealing ‘hidden’ information. Thus, we are talking about using archaeological or forensic techniques to tell us more about the people and societies within which these objects existed, as well as increasing knowledge of the objects themselves. What all these techniques share, however, it that they require some form of advanced device to function.
 
          Cultural heritage science is a broad church. The United Kingdom’s National Heritage Science Forum set up in 2013 has members from museums, libraries, universities, as well as English Heritage and the National Trust. Interests vary from specialist investigations of individual items of specific collection types to the science involved with caring for whole buildings and their contents, and even the conservation of ruins and non-built heritage. This spread of interests would be of far too wide a scope for any single volume, particularly in a field which is evolving so quickly. Such a book risks being out of date before it is published!
 
          This book is designed to show a snapshot of the current state of heritage science research in libraries. It has been revised up to the last moment in order to have currency for as long as possible. Technological advance is so rapid that new or improved methodologies are being devised all the time, but this book will lay the foundations of understanding to allow those advances to be followed and adopted with comprehension and discretion. For instance, a knowledge of the current state of Raman spectroscopy for identifying pigments in manuscripts, maps and works of art on paper will allow the reader to form an opinion on any new technique advertised as being ‘the latest thing’ in this field.
 
          Libraries have a number of critical qualities which need to be in place to be useful institutions in the Google age. The quality and size of the collections are often seen to be key performance indicators, but other factors, such as the ability to find the information required, and the skill of library staff in helping in that process, are also vital. Heritage science tends to only take place in research libraries, those with collections of unique material, material of permanent retention, and the slightly undefined ‘special collections’. This type of material tends to be curated rather than managed by a librarian due to the age, value, vulnerability, and importance of this material. It is in this area that the heritage scientist, conservators, and curatorial staff need to have a common understanding of the questions being asked, the relative importance of those questions, what is known already and how easy it is to get new answers. A decision has to be made as to how much a curator or conservator can find out just from their experience and knowledge, and how much they can be assisted by technical investigation and scientific analysis. It is often a combination of skills that leads to a positive outcome rather than the scientist being given a task and coming back with an answer which he or she thinks is the answer to the question, only to find that it isn’t.
 
          
            1.1 Ways of looking
 
            Sight is the single most important sense when studying library material but – as degraded material often has a distinctive odour and may feel different to the touch than ‘whole or intact’ material – other senses, such as smell and touch, can play a part to a smaller extent. Apart from this, information from a book is almost entirely visual. The study of the written word is of course an enormous subject area. What we are concerned with here is palaeography, or the study of ancient and historic texts and manuscripts, and pictorial art for their form and the process of creation, rather than their content. At the same time, some techniques described in this book can reveal parts of the physicality of such a document that allows further study of the content, such as palimpsests. In this book we are primarily interested in materials, condition, structure and integrity. Some of this information can be obtained through visual inspection by people who are experienced and know what they are looking for. This is an essential stage in deciding if, and what kind of, further investigation is required.
 
            In the same way as potential aeroplane pilots and other professions where excellent eyesight is a prerequisite, conservators and curatorial staff are often subjected to certain visual tests as part of their recruitment process. This is necessary, as for many tasks being able to observe details and interpret what is seen are key for optimal performance. But good eyesight is not enough, and what is required is experience and ‘learning’. Thus experienced experts will be able to see evidence of manufacture and damage because they have come across similar instances in the past, either in their work or during their training. Scholars and conservators ideally spend many hours inspecting an object to really get to know it and its details. They will be looking for marks of manufacture, style, materials, erasures, damages and repairs.
 
            Scholars visiting libraries will possibly be most interested in content: what the words are and what the writer meant; what style are the illustrations and are they from a particular school? In their search for such answers, they will be referring to published reference material to give context to the current research. The need for time for scholars to make their conclusions is proven when visiting ‘the reserve’ in a reading room. The ‘reserve’ in the Bodleian Libraries is where books and manuscripts are taken when a reader requests them. The readers then take them to their desks, returning them to the reserve each time they leave the reading room and then collecting them again on their return. It is only when they have finally finished their study that the item is returned to its secure storage. The reserves in the Bodleian Libraries are most often very full of materials, often multiple items for individual readers who need to consult more than one item at a time. The investigators will be comparing the objects they are studying to other similar items. They may also be interested in the materiality of the object, if that knowledge helps in their scholarship. So, can an individual artist be identified by name just from the style? Can books be connected in some way by the use of a similar palette? This means that many scholars spend extended periods of time at libraries, looking at a wide variety of material types.
 
            Conservators and curators may be most interested in the condition of an object: is it safe to handle; does it need interventive conservation; does it need special protection, for example to be placed in a purpose-made box? A conservation inspection of a single item can take many hundreds of hours, often longer than an actual conservation intervention. Conservators are the people who get closest to the objects and with their training and experience they can glean a great deal of information with nothing more than good lighting and simple aids for viewing. They will be able to distinguish paper, parchment and binding materials. They will record how the pages are put together by assessing how the groups of pages are assembled or sewn. They will assess the ability of an item to withstand being made available to readers. In the Bodleian Libraries there is a class of material that is withdrawn into what is referred to as ‘conservation reserve’. These items, usually of unusual significance, are in such fragile condition that no one is generally allowed to access them. A notable example of this is the early Indian mathematical text, the Bakhshali manuscript. This birch bark item is incredibly fragile and on a recent inspection its condition seems to be deteriorating. Given its increased profile since it has been carbon-14 dated it is inevitable that further requests will be made to access it, but this will only be possible if extensive intervention takes place to strengthen it and protect it.
 
            In their inspections the conservators will also be assessing soiling and possible cleaning methods, noting the number of leaves, the location and number of rips, tears and creases and possible remedial repairs, and making the most accurate record of its condition so any deterioration can be monitored in the future. In this process, conservators often use a notebook to make notes and draw diagrams. They will make accurate use of technical terms to accurately describe an object in detail.1 Although digital imaging can produce useful records of an object, diagrams and written observations can often convey more meaning than an image alone.
 
            Of course, scholars, curators and conservators are all people interested in library material, so their interests will obviously overlap. Therefore it is very common for experts from the different groups to work together, pooling their knowledge and experience. The most successful projects are those in which we are able to share information and insights, especially when experts from different fields come together. Each will look at an object in a slightly different manner, will have a different focus and a different set of presuppositions and questions. In other words, collaboration is key.
 
            The visual inspection of manuscripts may require specific aids to enhance regular human vision. Many people rely on aids for seeing on a daily basis, using glasses, contact lenses or dark glasses to help them see ‘properly’. These are not seen as enhancements of vision but rather a way of bringing sight up to an acceptable level. But it is possible, using apparatus, to improve the quality of what we can see. The basic physiology of the eye is such that its perception of colour and details is actually quite limited, and it is only by the immense power of the brain making sense of the world that we see things with the ‘clarity’ that we perceive. Everyone will be aware of magnifying glasses, but there is a large range of devices to enable us to see better and more clearly. The devices discussed here do not fall in the category of scientific methodologies, but they are nonetheless essential in the first assessment of library materials.
 
            A basic but much used tool by many conservators is a magnifier. These come in two formats. Some are simply a single large lens on a frame that the conservator looks through at the object to see the magnified image (Figure 1.1). These can be used for visual inspection to reveal small details not discernible to the unaided eye. They are also often used by conservators to carry out detailed close-work conservation treatments. But even such simple equipment has to be used correctly. There is a specific skill in using magnifiers. This takes time and patience to master and some people find it much easier than others. Magnifiers are only useful if they help with observation. The distance from the lens to the object and the distance from the viewer to the lens need to be constantly adjusted to give a good image. Because everything is magnified, the slightest movement of hand or any tool is also magnified, which takes time and practice to get used to. The position and distance from both object and eye are critical to getting a good image, and time and practice are required for confidence in use. A ‘normal’ magnification could be as low as 1.75 times magnification (x1.75) and this is both useful and easy to use for relatively long periods of time. Some magnifiers have a magnification of up to x4 and allow for both eyes to use the same relatively large lens, but these can be quite tiring on the eyes if used extensively.
 
            
              [image: ]
                Figure 1.1: Magnifier lens (© Bodleian Libraries, University of Oxford).

             
            A slightly more refined magnifier is worn like glasses and has two lenses, one for each eye (Figure 1.2). These are available in a range of magnifications, with x2 being most popular but up to x5 being available. Care has to be taken not to wear these magnifiers too long as they can cause eye strain and headaches. Another comment from users has been that it is sometimes quite difficult to get everything positioned so that there is room to work with your hands while at the same time keeping everything in focus.
 
            
              [image: ]
                Figure 1.2: Magnifiers to be worn as glasses (© Bodleian Libraries, University of Oxford).

             
            These relatively simple devices may be the only equipment you really need to help with your research. They are by far the most used pieces of equipment in a conservation studio. If they are a not enough, there is a whole range of devices that may help in finding the solution to your question. Many of these devices rely on, or are used in conjunction with, visible light. Since light has long been understood to be a potentially damaging factor to library materials, it is worth considering it in some detail here.
 
           
          
            1.2 The issue of light
 
            Lighting has a profound effect on how we see things, and especially on how we perceive colour. Using bright colour-matching light sources can improve what we see and reveal detail invisible under low light levels using ordinary light sources. Conservators will worry about the use of bright light sources, but for some objects the only way to reveal important features is to increase the light levels. Conservators will actually acknowledge that they need bright light to see to do their work and it is hypocritical to insist on low light levels which will prevent researchers doing their work.
 
            The unit of light, more correctly termed illuminance, that is generally used in libraries is the lux. It is useful to understand from where this unit comes. The lux is derived from the base unit, the candela (cd), 1 cd being roughly equivalent to the brightness of a candle. The light seen from a candle will be the same from wherever you are viewing it; this is called luminous intensity. This gives us another measure, the sum of all of the light being emitted from the candle, the lumen (lm). To understand this, consider a 1 cd light source first in the shape of a sphere, and second as a sphere with one half obscured, a hemisphere. Both light sources will have a luminous flux of 1 cd. The surface area of a sphere is given by the formula 4πr2, giving a value of 12.57 for a unit radius. A spherical 1 cd light source will have a luminous flux of 12.57 lm, but a hemispherical light source will have half the luminous intensity of the sphere, 6.28 lm. From the lumen we can derive the measure of illuminance, defined as the luminous flux over a specific surface area: 1 lux (lx) is 1 lumen per square metre (lm/m2).
 
            The illuminance reported in units of lux measures the illumination intensity as perceived by the human eye, based upon the spectral (photopic) response of the cones in the eye, and only considers radiation in the visible range of the spectrum from 400 to 700 nanometres (nm). It explicitly does not take into account UV or NIR/IR radiation. For monochromatic light at the peak of the human eye’s sensitivity, 555 nm, an illuminance of 1 lux corresponds to an optical power density of 1.46 microwatts (mW) per metre square. At longer and shorter wavelengths, where the eye is less sensitive, a correspondingly higher power density is required to give the same perceived brightness or illuminance.
 
            The damage caused by light is influenced by the wavelength of the radiation. It has been proven that shorter wavelengths towards the blue end of the visible spectrum, and especially ultraviolet radiation, are more damaging than longer wavelengths (red end of spectrum) (Michalski 1987). Recent experimental research has shown, however, that excess infrared can cause damaging heating effects (Beeby et al. 2018).
 
            Lighting, lux levels and damage are among the simpler concepts to understand but are one of the most controversial and often debated areas surrounding the display and inspection of heritage objects. Simply put, the higher the light level the more damage will be caused. Research has proven that the law of reciprocity applies, at least when you stay within the bounds of reasonable exposure (Liang 2012, 311). This shows that if you double the light intensity but reduce the exposure time by half you get the same amount of damage. Reciprocity also means that there is no threshold under which no damage will occur; no light level is safe. The most common light level for the display of vulnerable materials including illuminated manuscripts, watercolours and textiles, for example, is 50 lux. This follows the recommendation in a book by Gary Thomson (1994, 268) of the National Gallery. It is a level which is said to be adequate for most people to be able to see most things adequately. The truth is that 50 lux is actually quite dim, and more elderly people find it difficult to see. This is particularly true if the objects are dark or if there is a lot of intricate detail. The most common complaint of visitors to heritage sites is that the objects on display cannot be seen.
 
            But more damaging than visible light by order of magnitude is ultraviolet light, and this is generally measured separately from visible light in units of mW/lumen. In nearly all reading rooms and heritage environments the UV light is filtered out, as it makes no difference to the human observer as to how objects look.
 
            In conservation studios the light levels are frequently above 1000 lux in order for the conservators to be able to do their work safely (for the objects!). Luckily most reading rooms and places where objects are inspected are not as dimly lit as exhibition areas, and it is often in the brightly lit conservation laboratories that intense study takes place.
 
            Techniques such as applying raking light can help reveal information by creating shadows and highlights on slightly three-dimensional objects. A bright light is placed next to the object, so that the light hits the surface of the object at an angle. Any surface details are accentuated by the shadows and highlights caused by the raking light. This can also be combined with digital imaging as described later (Chapter 4).
 
            Another simple technique is to use a light box or light sheet to shine light through an object (Figure 1.3). This simple equipment can help reveal watermarks, damage and other features not visible by reflected light alone. Light boxes are essentially a box with a solid transparent top and a light source underneath. A more useful adaptation is a light sheet which is a thin transparent sheet, usually lit with fibre optics. This can be used to put between the pages of books. These techniques can be used to reveal detail without resource to more elaborate equipment.
 
            
              [image: ]
                Figure 1.3: Light sheet (© Bodleian Libraries, University of Oxford).

             
            All types of working with original material, unlike replicas, cause some sort of risk to those objects. This is true if it is used for comparison in the reading room with all sorts of other materials, continuously flipping through a manuscript to find that one line of text; but also if it is used in a project aimed at understanding material compositions of manuscripts of a particular time or place. Any form of handling exposes it to friction, light and other potentially harmful factors. That does not mean that there should not be any investigation whatsoever. It simply means that a well informed and critical assessment of any proposed investigation has to be made. Before diving into the assessment of the dangers and benefits of the proposed techniques, it is important to start by seeing that the right questions are asked.
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            Notes

            1
              An excellent glossary of terms used in illuminated manuscripts can be found at the British Library web site http://www.bl.uk/catalogues/illuminatedmanuscripts/glossary.asp. Accessed 13 November 2019.

            
          
         
      
       
         
           
            Chapter 2 Defining research questions
 
          
 
          The answer to life, the universe and everything is, according to the late Douglas Adams, 42. This is a joke, but also makes a serious point: if you ask a question you will get an answer, but not necessarily one that addresses the specific information you were looking for. It may seem strange to start a book setting out to describe the wonderful opportunities available for researchers in libraries with a slightly cautionary chapter on the limits of what can and should be done, and what to avoid. However, experience has shown that if you do not clearly define what is required, a lot of time and expensive resource can be wasted, and expectations may not be met.
 
          There will be many times when a curious conservator or curator simply wants to know more about the materiality of an object or collection. Where was this made, when, by whom: is it rare, is it valuable, is it a fake? These questions are all legitimate, but some time needs to be spent on deciding why and if the information is important, and how difficult (time consuming and/or expensive) it will be to get the information. Also, it has to be determined if more knowledge about the materiality of the object is in fact really able to resolve the underlying question you want answered. So a critical stage is to phrase exactly the question to be answered. The better defined the research question is, the more likely it is that an answer will be found. For instance, it is unlikely that you will achieve a result if the question asked is simply ‘what is this material?’ However, if the question is ‘Out of the red pigments used in mediaeval illumination in the 1450s in Italy, which one is this likely to be?’ there is a higher chance that you will get a definitive answer.
 
          It is also important to question why the information is significant. Is it justifiable to ask for analysis simply because someone is curious? Or to help make a published paper look more academic by adding technical information? This may not be a good use of resources if the information does not add to general knowledge or the substance of the article. Requests for analysis for determining conservation decisions is legitimate if the results increase the confidence of the conservators’ choices and improves the safety of an object or collection.
 
          Let’s take two examples of how ill-defined analysis could lead to disappointment and wasted effort. In the first example a conservator brings in a tiny sample of a resin from an historic document and asks you to tell them what it is. After extensive analysis, using expensive equipment, the best that you can say is that it is quite degraded and most likely to be some sort of synthetic polymer. Your best guess is that it is soluble nylon, a material extensively used as a consolidant in the 1960s. The conservator then asks, ‘What can I use to remove this from the object?’ It thus turns out that the initial question was in fact not really what the conservator was after, and the expensive process of identifying the material was not needed. There are much easier ways to identify ways to remove one material from another, such as the use of a limited range of solvents on a ‘trial and error’ basis. Knowing what the material was may have been important to ensure, for instance, that it was not part of the original structure, but in this case what was required was a removal method.
 
          In a second example, you receive a request in the post from an eminent professor to look at a fragment he has sent you and for which he needs a result for a lecture he is giving the following week. As he is away you have to do what you can, so you start with identifying it as an organic material, blue in colour, possibly a blue inorganic pigment, quite degraded/faded by exposure to light, and on a powdery white substrate which appears organic. You send the results to the professor and he is furious because what he wanted for his lecture was the exact identification of the pigments and an assessment of the age of the fragment. All of this would have been possible, but it would have required much more time, and access to specialist equipment and thus, additional funding. This shows that, while a lot is possible with advanced scientific analysis, it is not a one-stop wonder. When requests are made, it is therefore very important to be able to manage the expectation of what may be achieved given the available time, equipment and funds.
 
          So, when approached to carry out investigations, or even when doing your research, you need to ascertain exactly what information is required. Just because you have access to particular equipment or expertise does not mean you should go down a certain avenue of research. Maybe the information you need is already known. Maybe questions can be answered by simple observation. There are certain stock questions that crop up over and over again: how old is it, what is it made from, and where did it come from? These seem perfectly reasonable questions, but let us take each in turn to see what the questions really are and how you might find the information in the most expedient way.
 
          
            2.1 Understanding materials
 
            Perhaps the most basic of questions that can be asked is ‘what is this thing’, i.e. ‘what is it made of?’ you do not always require scientific analysis to identify materials such as pigments unless the exact composition is absolutely required. The number of pigments used through history has been limited, which means in many cases the number of, say reds, will be just two or three for a particular period in history. In these cases it may not be necessary to know which of these it is. If absolute identification is required, having this range of possibilities will dictate the analytical method and increase the chances of a successful result.
 
            There are many analytical techniques in existence and improvements are continually being developed. New techniques are introduced and older techniques are refined and improved. Such a proliferation of possibilities can make choices appear impossibly difficult to a non-scientist. Some techniques are widely available, relatively easy to carry out by a non-specialist and are affordable. At the other end of the spectrum are highly developed, highly expensive, niche techniques only available within university research departments or government research establishments.
 
            Some techniques are extremely safe, involving little more than modest light levels to enable analysis. Other techniques involve different non-invasive methods but ones which may require slightly more harsh conditions. Finally, there are the techniques which require samples to be taken. While any of these latter techniques are invasive, there is still a broad range of sample sizes that may be required. This means that the actual impact on the artefact can vary considerably. In general, heritage scientists favour non-sampling techniques, but in some cases sampling is required to give a definitive result. In some institutions sampling is generally forbidden, but in others it may be permitted if a compelling argument is put forward to justify the need for destructive testing. The subject of whether to sample or not to sample continues to generate much debate and differences of opinion, not just in libraries but in heritage institutes in general. It is an especially hot topic in natural history collections, where sampling for DNA analysis may be the only way to uncover fundamental information (Baars 2010; Le Cabec and Toussaint 2017).
 
            If researchers want to be involved with their own analysis they will need access to at least some equipment. This can be as simple as a digital camera and imaging analysis software, magnifiers or microscopes, and this may be all that is required. But should further research be needed, more expertise can be accessed either using professional heritage scientists or by using university departments. A lot can be achieved by encouraging experts to become involved in library research. Some institutions have their own equipment run by their own scientists. In this case the choice of analytical technique will be led by the equipment available in-house. Almost always there will be some kind of magnification, perhaps equipment for measuring acidity or alkalinity (pH) and perhaps one or two pieces of equipment chosen by the institution as being most useful for their collections. Some may have instrumentation for accurate measurement of colour, whilst others may have some sort of spectroscopy or chromatography. The Bodleian Libraries have accumulated a range of techniques which are described in the following chapters. At this institution there is an emphasis on revealing hidden texts and on pigment identification, so hyperspectral imaging and Raman spectroscopy form the backbone of the analytical services available.
 
            In practice, this makes the definition of research questions rather simpler than starting with a full list of analytical techniques. If an analysis can be done in-house by an experienced practitioner with existing equipment it is much easier to justify than if expensive equipment and expertise has to be resourced and organized externally. This is by far the best way to organize ongoing research, as it means that the equipment will be maintained and the staff experienced in the type of analysis required.
 
            There are, of course, instances when the equipment in use at an institute is not able to cover the questions that are asked. This is even more likely when these questions are generated outside the institution holding the document that is the focus of the question. Usually, this also means that external funding is available to arrange for the deployment of different techniques, with which the library staff is not necessarily familiar. For both parties involved, it is essential that lines of communication are established as early as possible in the research process. Preferably the researchers and library staff are in contact before any grant proposal is submitted, and work together to bring this to a good end. A situation that should definitely be avoided is one where a research team arrives at a library, does something with a manuscript and then leaves without making clear what was attempted or what the results are. The issue is that almost all techniques to investigate material composition require a period of post-processing. Thus the intervention at the library itself may only take a couple of days, but it may be months before results are ready. Once they are ready, even if they do not yield the result that was expected or hoped for, they need to be communicated clearly to the library staff. This is the only way to avoid repeating such processes in the future. Furthermore, it is the only way to build up a level of trust between the library staff and external investigators.
 
            A level of justified trust is especially important if new technology is being developed for very specific questions. The authors of this book have all been involved in a project where a new piece of equipment was developed for the investigation of one specific manuscript with one specific question. Since we were able to collaborate from the start, we were able to devise a strategy in which a proof of concept, based on measurements of a mock-up, was demonstrated to the conservators of the library. In this way the technique could be developed without need for experimentation on a fragile original manuscript and at the same time experience with the technique could be shared with the library staff (Snijders 2017; Zaman, Howell and Snijders 2018).
 
            
              Reference databases
 
              It is important not to understate the importance of reference materials as an aid to material identification. Databases of analytical results from known materials exist and are accessible on the internet; they can be an excellent starting point for analysis. There are published images of pigments, fibres and skins which can be used for visual comparison to unknown material. The Fiber Reference Image Library (FRIL), a database of micrographs of textile fibres acquired through the use of multiple microscopic techniques, is available online.1 There is even a guide for identifying the nature of dust by comparing samples to a database of images of different types of dust particles.2 Often these images are taken through a microscope to show the detail of diagnostic features.
 
              Besides visual databases, there are also databases of results of measurement that have been taken over the course of other research projects. For instance, there is a published database of Raman spectra for many commonly found pigments, put together by Marucci et al. (2018), which lists the exact wavenumbers of the Raman spectra of a range of pigments that act as a ‘fingerprint’ for the various materials (Figures 2.1 and 2.2).
 
              
                [image: ]
                  Figure 2.1: Raman spectrum of the pigment Orpiment (© Giorgia Marucci, Kate Nicholson, Northumbria University).

               
              The Infrared and Raman Users Group (IRUG) 3 has an online database of IR spectra of many materials found in cultural heritage (Figure 2.2). This database is a collection of spectra of known materials which have been uploaded by subscribers to the site. Thus there may be may be multiple examples of the same material, the spectra of which are not all the same. For instance, if one searches for ‘azurite’ there are 20 different infrared spectra from four institutions.
 
              
                [image: ]
                  Figure 2.2: Example of an entry for the IR spectrum of azurite from the IRUG database (© 1993–2019 Infrared and Raman Users Group).

               
              It may be wondered why so many duplicates are needed. This is due to the fact that the exact chemical composition of the material known as azurite may vary, as it is a natural material. Moreover, infrared spectrometers may exhibit some slight variations in their sensitivity and accuracy. Showing several examples increases the chances of a positive identification. This illustrates the need for researchers to understand their equipment and to be able to judge how their equipment and the conditions in which they make their measurements may affect their results, so that they can be compared to reference databases.
 
              These sources of information are invaluable as a starting point for recognising the main identifying features. In some cases, where diagnostic features are very pronounced, they may be sufficient for identification. However, having an extensive range of known physical reference materials with which to compare your unknown materials is essential for almost all analysis. This is better than the use of online resources because you can use the exact same conditions for the analytical procedure on both the known and unknown samples. As stated, different apparatus may produce slightly different outputs so using the same equipment, under the same conditions, helps to standardize the results and make identification more reliable.
 
              In libraries we are usually interested in older materials. Often these will have degraded to a greater or lesser extent, so it is useful to have a range of well characterized degraded materials as well. Many institutions have collections of fragments of known date and material which can be used as reference material. For instance, the Bodleian Libraries have many duplicate maps from donations and purchased collections; while most of the maps are retained, there are some that are superfluous. Maps can be large and are expensive to store so on occasion they are de-acquisitioned. These materials can be tested to confirm their identity and material composition, with the aid of destructive techniques. Other materials may become detached from objects, which might not necessarily themselves be available for destructive testing, but which might be used for non-destructive testing. Very often bindings and covers of books will have detached fragments. These smaller pieces can be analysed within spectrometers, inspected under microscopes and weighed to establish density, all of which will yield information. As all of these tests are non-destructive, the fragment can be returned to the ‘owner’ to be stored with the object. It is common for storage boxes to be designed so that fragments are stored within the same enclosure. In the Bodleian libraries there are many hundreds of such well-connected fragments, which can at any time be used in research, a veritable treasure trove of yet-to-be-discovered knowledge.
 
             
            
              A word of caution
 
              The beginning of the twenty-first century has seen the advancement of miniaturization and detection technology, enabling instrumentation to evolve from laboratory-based standalone units to highly affordable portable and lightweight handheld devices. These instruments have given researchers in libraries the opportunity to study many of the materials encountered in their work. As a result, handheld X-ray fluorescence (XRF), portable UV-visible reflectance, infrared and Raman spectrometers all offer the potential for advancement in what can be achieved. They allow for non-destructive in situ analysis, by allowing the equipment to travel to the object requiring analysis. Previously, such analysis was rarely undertaken, because of the risks of having delicate, unstable, or friable objects travel to the lab-based equipment. The cost of insuring the object for travel, and the potential loss of access if the object needed to be taken out of circulation for extended periods of time, all weighed heavily on such decisions. The relatively low cost of the portable instruments compared to the laboratory-based has enabled libraries to invest in handheld and portable instruments for general analysis and materials characterization purposes. This allows questions to be answered more easily on the condition and authenticity of material, the technology of manufacture, date and provenance.
 
              Handheld and portable instruments increase accessibility to this technology and simplify data collection. The instruments are sold and used as rapid ‘point and shoot’ solutions for materials analysis problems in cultural heritage, with little training offered on the selection of analytical protocol and interpretation of the data. This still requires an understanding of the underlying basic science and principles of the techniques. Inadequate training will result in errors in the applications of the techniques and in the interpretation of the resulting data. For instance, there is often disparity between what researchers expected to obtain from their analysis, and what it was possible to achieve. This problem increases with the recent development of smaller and accessible analytical instrumentation. Instrument manufacturers are trying to provide instruments that are simple to operate and require little expertise to provide quantitative data. These tend to use inbuilt calibrations which bear little or no relation to the complex material found in libraries. At the same time there is a lack of affordable training at an appropriate level in the use of these techniques. An understanding of the fundamentals of instrumental analysis, quantitative analysis, spectroscopy, and underlying science would help to improve the accuracy and safety of the use of these techniques.
 
              There are three areas of concern. Of paramount importance is, of course, the safety of people, not only those staff operating the equipment but other people in the vicinity of the analysis. For example, strict legislation exists for the use of X-rays and lasers, and local rules need to be composed and applied. Second, there are physical risks to objects. Some techniques and equipment, such as XRF, require very close proximity to delicate materials. Other techniques, such as Raman and Fibre-optic Reflectance Spectroscopy (FORS), may cause high levels of radiation and subsequent fading and heating effects if applied carelessly. A third danger is the quality and accuracy of the information obtained using these analytical techniques. Maintaining the quality and usefulness of the data collected and reported on cultural heritage materials is essential in the building up of the corpus of accurate information available for future comparison and interpretation. This is especially the case if such results become incorporated in online databases such as those described above. Erroneous data will then not just be a problem for the objects analysed, which could result in dangerous conservation decisions, but can also have an adverse effect on material study as a whole.
 
             
           
          
            2.2 Dating objects
 
            The second type of question often asked is “How old is this book?” Analytical techniques may help give an informed answer to this question, but they have to be embedded in other types of scholarship. Sometimes there are much better clues about dating an object than can be gained from scientific analysis. Dating a printed book is usually a trivial task, as the date – or other evidence indicating a date, for example a saint’s feast-day – is very often printed somewhere within the text. If this is not the case, then there are several marks of connoisseurship that will help: for instance, the quality of the paper, type of binding, materials used and typeface.
 
            With non-printed material the dating is more problematic. However, manuscript material has a long history of academic study and much is known from advanced scholarship. For instance, there are very few Anglo-Saxon texts surviving and recorded, but Latin and Old English are still specific subjects taught in many universities. What tends to have survived has done so because of either the historic significance or the artistic merit of the work. Thus, objects such as the Book of Kells, Magna Carta, and the Lindisfarne Gospels are all very well recorded and their dates of production fairly well agreed in numerous published expositions. Where dates are contested they are usually in quite a narrow band, 10–50 years or so, in which case analysis is unlikely to give much more accuracy. It would be imprudent, if not impudent in some cases, to suggest that technical analysis would yield more accurate dating information than years of academic study.
 
            If such information revealing a date of production is not immediately obvious, a good starting point for any investigation will be the catalogue entries that might be available. These may include information of when items changed hands or were incorporated into a different collection or institution. There could be published records as well, which can give data as to when an item was created. Another important source of information are conservation records, which often contain very detailed descriptions of objects with references to other published material. Equally important are consultations with any academics, curators or conservators who may have significant knowledge to share. Features like references to other significant dates, a named person or a referenced discovery or landmark date will help. It is important to know as much as possible of what is already known before embarking on new research. Although probably one of the most frequently asked questions, dating is also the most difficult to help answer with analytical methods.
 
            Not many objects will require sophisticated apparatus to provide a date. Often experience, comparison with similar materials, patience and perseverance will give an answer simply by looking at an object very analytically and carefully. This is sometimes termed connoisseurship, and is an understated skill, undervalued compared to ‘flashy’ technical solutions. This method of dating relies on known relativities. If one is looking at the evolution of styles, experts can place an object within a sequence and say object A is later than object B, but earlier than object C. If within this sequence there are known dates then the sequence can be used to arrive at ranges of dates for each object. Stylistic analysis requires an object to be placeable in a well-established style. This makes it rather difficult to use as a dating method when the object is exceptional because of its rarity or its quality.
 
            Another relative dating method can be established based on the introduction of new materials. Identifying the materials that an object is made of can help in arriving at a date, but there is seldom a simple direct correlation between date and materiality. Often the presence of a material with a known introduction date can give an earliest possible date. For instance, the presence of nylon suggests a date of production after the date of nylon introduction in the 1930s. Other modern synthetic materials also have known invention dates. These identifications can be misleading, however. Nylon can be used at any date after its introduction and may have been used in the repair of an object made before its introduction. Nylon is used here as an obvious ‘modern’ example of a datable use, but the same applies to any materials used historically where dates of introduction are known.
 
            An example of an apparent good indicator for dating is the use of cochineal, an insect dye which was only imported into Europe in the sixteenth century after the discovery of the Americas. As well as being used as a dye, cochineal was used as a pigment known as carmine lake. A ‘lake’ is a pigment manufactured by precipitating an organic dye with, usually, a metallic salt, known as a ‘mordant’. Unlike pigments made from ground minerals, lake pigments are organic. In carmine lake, the organic component is carminic acid and the metal component is typically an aluminium salt. One might assume that objects containing cochineal encountered in European libraries will be dated after 1521: this is only true for European objects, as cochineal lake was used by the central and southern American indigenous peoples for dyeing and painting for hundreds, if not thousands, of years. While the identification of cochineal is possible by a variety of analytical techniques described in this volume, such identification might not give the information about the date of creation of an artefact, if the provenance of the artefact is unknown. This is a rather extreme example, but attempting to date an object by the introduction of materials clearly needs to go hand in hand with establishing provenance.
 
            Scholars have developed timelines for the introduction of particular pigments and materials based on documentary sources such as written pigment recipes and lists of materials (Ball 2001). Some evidence can also be gleaned from pictorial depictions of manufacturing processes. All of this can be used to indicate date if some material identification is possible. Several excellent timelines for the dates of introduction and use of pigments are published online, such as Colourlex, produced by chemist Juraj Lipscher4 and the Pigments through the Ages website.5 Relative dating methods, whether based on stylistic criteria or material composition, are of course much more time-consuming and require much more intellectual input than simply having a sample analysed, but in most cases are the only way in which a date can be derived.
 
            Sometimes considered a kind of Holy Grail by the general public, carbon-14, or 14C dating is often considered as the way to date material. Much has been written about this technique (e.g., Mook and Streurman 1983; Mook and Waterbolk 1985; Taylor and Bar-Yosef 2016), but this is not a technique commonly applied to library material, as it requires a small sample to be taken which in the process of analysis is completely destroyed. The value of the information obtained must be weighed against the small amount of controlled damage done. However, 14C dating remains the only technique that does not rely on the stylistic or contextual relationship with other dated material; instead it relies on a comparison between stable carbon-12 and unstable carbon-14 in a sample. While an organism is alive its 14C content is determined by that of the atmosphere. Once it dies, the 14C starts to break down at a known fixed rate. If you establish the ratio of 12C/14C in an organic material, this informs you about the age. The 14C analysis comes up with a number that can then be compared to increasingly accurate charts for calibration to give a date (Stuiver and Becker 1993). Calibration for carbon dating is needed, as the amount of 14C in the atmosphere is not stable over time (de Vries 1958). Hence, depending on how old the object is, the date calculated can be more or less precise due to ‘wiggles’ in the calibration curve. In some cases the 14C date may even match multiple periods in time. Radiocarbon dating is regularly criticized, but this is most often done by those who are unable to accept the accuracy of a specific dating, sometimes because of deeply held beliefs. The accuracy of radiocarbon dating continues to improve, and the samples required are much smaller than those needed in the past.
 
           
          
            2.3 Provenance
 
            The third most asked question is ‘Where was an object made?’ This is inextricably connected with date and materiality. A lot of information will almost certainly be available in documentary sources such as catalogues. The study of the use of materials over time in different areas of the world is a complete research subject in its own right where. This is a matter of cross-disciplinary research, where a number of experts may work together. Much is written about various ‘schools’ or ‘styles’ and these often refer to geographical locations at particular dates. So, for instance, pigment A may have been used in location A in the sixteenth century but been replaced by pigment C in the seventeenth. Many of the Research Fellows in the Bodleian Libraries’ Visiting Scholars Centre are involved in researching specific geographic or stylistic aspects of library material. By building up a database of the dates of introductions of material use and the date after which they were no longer used can help in giving provenance to objects.
 
            There is a way in which analytical techniques can help to inform more directly on this issue, though it is a method that is used more often in archaeology than in the study of library materials. As shown above in the example of azurite, there is variation in natural materials. These variations can sometimes be connected to natural sources. An example of this is the search for the natural source of turquoise found in artefacts in Mexico (Thibodeau et al. 2018). Although a particular source for a natural material may be located, this does not necessarily mean that this is the location where an object was fabricated. Exchange through trade, for example, can have profound effects on the spread of materials from a specific source. Pigments and dyes, especially the rare and expensive ones such as ultramarine or Tyrian purple, have historically been exchanged far and wide.
 
           
          
            2.4 Other mysteries
 
            These are the three main general questions most often asked, but of course specific objects will have their own interesting ‘mysteries’. Is a hair found in the pages of a book significant? Is a stain on a page blood, and if so, whose? Each of these questions needs to be individually assessed for usefulness and ease of answering.
 
            There is a growing interest in uncovering hidden information, either textual or pictorial. As well as deliberate overpainting of an outline sketch or drawing, there are other reasons for the presence of obscured information, ranging from deliberate erasure to accidental water damage. An area of great interest is the re-use of expensive parchment to create palimpsests, in which one set of writing has deliberately been removed to allow the surface to be used as the substrate for subsequent writing. In the past rather radical and destructive methods have been applied to these objects to reveal the underlying information, for example the addition of a tannin or gallic acid solution to reveal remains of gallo-tannic ink. Today, hidden information can be revealed with non-invasive and non-damaging methods that may also give very good corroborative information as to the date and provenance of the object. For example, an erased mark of ownership can be related to a known person with a known birth/death date and place of residence. This may give important date and provenance information. The study of book ownership has become an academic study in its own right, with many books and articles on specific books, periods or locations.
 
            In some cases the revealed text or art may be an addition to an extremely small amount of known writing/art, so actually adding to the corpus of knowledge in particular subject areas. This is the case with the Oxyrhynchus Papyri Project in Oxford. The Oxyrhynchus papyri are a group of manuscripts discovered during the late nineteenth and early twentieth centuries at an ancient rubbish dump near Oxyrhynchus in Egypt. The manuscripts date from the third century BC to AD 640. Over 5,000 have been transcribed of what is estimated to be at least half a million documents. A substantial number of Oxyrhynchus papyri documents are housed in the Sackler Library, part of the Bodleian Libraries at Oxford University. Some of the transcription of these important texts has involved specialist imaging, in particular multispectral imaging.
 
            
              A word on resource management
 
              Undertaking research and analysis is an investment. Methods for finding information that can be found with minimum investment should always be considered first before more elaborate methods are used. Day-to-day queries need to be prioritized and carried out as resources permit. If a larger amount of work is required on an object or collection a research project proposal may be put together that includes specific research questions. The analysis can then be costed to allow for the analysis to be carried out. In a way the research questions are fully justified if the project is eventually funded. This also means that the resources can be properly planned, and the analysis implemented in an ordered manner. Analysis can also be factored into funding applications for other related projects. These are often digitization or conservation projects. Especially important for these cases is consideration of the amount of time it takes to do the analysis and its processing and interpretation. Digitization projects tend to be largescale ‘production runs’ where major investigations may severely delay a project if they are not planned correctly.
 
              In any research project it is also important to consider the long-term storage and dissemination of data and results. Research results are increasingly shared online, in the form of open-access papers or project websites. This is less the case for the data that underlies the research results. There are often good reasons for this, as the data may be incredibly large, complicated to work with or require expensive software to investigate. There are some very valid concerns with this, however, as it becomes increasingly hard to expose the foundations on which research results are based. Making data available is nearly always possible in some form, but it requires resources to be allocated for this from the start of your project.
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            Chapter 3 Microscopy
 
          
 
          Most people have a general notion of what a microscope is. It is one of the most useful and available analytical instruments widely used in museums, art galleries and libraries. However, it is easy to forget that microscopes are extremely sophisticated instruments which have been in common use for centuries. Microscopes allow features too small to be seen by the naked eye to be magnified so that they can be observed. Microscopy can be used for a wide range of analytical tasks. Textile fibres, pigment grains, paint cross-sections, and corrosion of metals can all be identified using microscopy. The use of polarized and/or fluorescence microscopy further expands the range of materials that can be identified or characterized. In this chapter we will discuss three types of microscopy: the optical microscope at low magnification, optical microscopy at high magnification, and polarized light microscopy. Each of these techniques requires a different device and has the ability to answer different questions.
 
          Although we now have multiple types of microscope, they all developed from the same basic model (Figure 3.1). The term ‘microscope’ is generally used to refer to the type of instrument described by Hooke, the compound microscope. Although modified for the digital age, a compound microscope today has all of the elements of those described by Hooke in Micrographia, Or, Some Physiological Descriptions of Minute Bodies Made by Magnifying Glasses: With Observations and Inquiries Thereupon, published in 1665.
 
          
            [image: ]
              Figure 3.1: Drawing of Hooke’s microscope set-up (Hooke 1665, Schem. 1, opposite p. [xxxvi]).

           
          Light, in the case of Hooke’s microscope from an oil lamp and focused by a glass globe filled with water, is shone onto a sample. This light is reflected by the sample and enters the lower part of the microscope. A first lens in the lower part of the tube magnifies the image onto a second lens, which brings the magnified image back into focus.
 
          There are two main modes of illumination for microscopy. One is for the light that illuminates the object to be reflected, with light being shone onto the surface of the object from a source above it, as in Hooke’s microscope. This requires a relatively large distance between the sample and the microscope itself, so that the light can reach the sample. Today it is more common for the light to be transmitted from a light source on the other side of the sample and transmitted through it.
 
          
            3.1 Reflected-light stereo microscopy
 
            The use of optical microscopy in analysis and heritage science is much underestimated and perhaps underused or misused. Microscopy is technically as challenging as photography. Just as anyone can take a ‘snap’, so many people regularly use a microscope to produce results without getting the best out of the equipment. Time spent understanding the equipment and how it works is well spent. In particular it is worth time experimenting with any apparatus you intend to use regularly. This is particularly important if you are going to use a projected image for teaching or are saving images for publication.
 
            
              Background
 
              In many cases it is not possible to take samples from heritage objects. Even institutions that have a long tradition of taking samples for preparing cross-sections for optical microscopy, scanning electron microscopy, mass spectroscopy and various chromatographic techniques, are now reviewing their policies to become more selective in sampling decisions. But a great deal of detail can be seen using reflected-light stereo microscopy without the need to take samples. As the name suggests, what makes these microscopes somewhat different from Hooke’s example is that two eyepieces allow for both eyes to be used in viewing the sample. Because these microscopes have two eyepieces and each eyepiece sees the object from the position of the individual eye, a three-dimensional image is seen. This is much more useful than a monocular or single-eyepiece microscope. The image seen using these microscopes is from reflected light only. A possible downside of these microscopes is that they may of necessity be quite highly engineered, and there are many adaptations which need to be considered when choosing a specific model.
 
             
            
              Equipment
 
              Before detailing the choices in the optics of a microscope, a critical aspect of the design is related to the size of object you wish to view. If one generally works with what one might regard as ‘normal’ sized books, A4–A5 size for instance, the microscope will not need a long ‘reach’; that is, the microscope will not require a long support to be able to place the optics over the object. But if one is generally looking at large objects such as maps it will be important to buy a microscope with a stand capable of reaching the centre of the object (Figure 3.2).
 
              
                [image: ]
                  Figure 3.2: Optical reflected-light microscopes on a custom stands for the inspection of large materials (© Bodleian Libraries, University of Oxford).

               
              If such a long arm is required then the microscope needs to be engineered such that the stand cannot topple over and endanger the object. These large stands are cumbersome and heavy, often on wheels to move around, but do allow the visual inspection of all types of material. Because of their size, storage space also needs to be planned when the microscope is not being used. In practice, a well-equipped conservation studio will often have two or three stereo microscopes with different configurations.
 
              Another critical aspect of stereo microscopy is illumination. The most common illumination is provided by fibre optics. It is important to be able to provide enough light to be able to see details clearly. The big advantage of fibre-optic illumination is that the fibres allow the light source to be positioned such that the light comes from any desired direction. This allows the use of raking light to provide shadows as described in Chapter 1, but also allows you to shine light into cracks or any other surface features that need investigating. If an even level of illumination is required, a ring light can be attached to the microscope.
 
              Useful magnifications for stereo microscopes can be up to x100, but usually much lower magnifications are of most use. A main advantage of the stereo microscopes is that it allows you to zoom in and out smoothly by turning a single knob. This is achieved by a combination of different lenses. The basic magnification is achieved by two lenses, as in Hooke’s example. The magnification obtained is the magnification of the eyepiece lens multiplied by the magnification of the objective lens. To achieve x100 magnification one could use a x10 eyepiece with a x10 objective. To be able to continuously vary the degree of magnification across a set range, at least two auxiliary lenses are placed between the objective and the eyepiece lens. By turning the knob these two lenses are moved up and down inside the microscope to create variable zoom magnification. The range of magnifications in both fixed and zoom systems can be further varied by changing eyepieces.
 
             
            
              Uses
 
              The most used magnifications for reflected-light stereo microscopy are usually between x10 and x30. When you are looking at a manuscript at x10 magnification, it is still possible to observe the general characteristics of a figurative scene. At this level you can quickly assess the general condition of the surface and easily find areas for further investigation. At these magnifications it also becomes easier to study the marks of the process of production, such as brush strokes and the layering of individual colours (Figure 3.3).
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                  Figure 3.3: Lapis and gold under microscope (© Bodleian Libraries, University of Oxford).

               
              Somewhat further in, at x20–x30 magnification you can investigate the surface structure. The ability to zoom dynamically into individual features that you encounter is very useful. In Figures 3.4 and 3.5 two examples can be seen where gold leaf has come off the surface and has attached itself to other areas. It is also clear from these images that such surfaces are never truly flat.
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                  Figure 3.4: Gold leaf detached from surface (© Bodleian Libraries, University of Oxford).

               
              At its extreme, using a magnification of x40, reflected-light stereo microscopy allows you to come down to the level of individual pigment crystals and the fine cracks that appear in paint layers.
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                  Figure 3.5: Cracking of surface layer (© Bodleian Libraries, University of Oxford).

               
             
           
          
            3.2 Compound microscopy
 
            Reflected-light stereo microscopy, while a very useful tool especially in the investigation of the conservation state of library materials, only touches upon the realm of the truly microscopic in its highest magnification settings. If you want to go further, higher levels of magnification are needed and a somewhat different microscope, the compound microscope, is the best option. Like the reflected-light stereo microscope, the compound microscope is composed of lenses and a light source in a configuration that allows for clear observation of tiny features. In stereo microscopes, because close proximity is not required for these lower magnifications, the lens is often several centimetres away from the objects. The larger distances allow for easy illumination from above the object. In a compound microscope there are again two lenses, the objective and the eyepiece. The main difference is that the objective lens of compound microscopes has a much higher magnification.
 
            
              Background
 
              The compound microscope has not changed much since Hooke’s days in general principle. The most significant advances in compound microscopes since then have been the means of illumination and the quality of lenses. Early microscopes relied on direct or reflected natural light, daylight or candles, for illuminating the sample. Nearly all microscopes in use today use electric illumination. While the quality of lenses has also improved, the underlying physics remains the same. The earliest microscopes produced quite distorted images due to the low quality of the glass and imperfections in the shape of their lenses. There are three main causes that contribute to the distortion of a lens. The first is chromatic aberration, which is where the different wavelengths (colours) of light are bent (diffracted) to different degrees while passing through a lens. This problem is corrected by using a second lens of different shape and diffraction properties to realign the colours without losing all of the magnification of the first lens. The second cause of distortion is spherical aberration. This is uneven diffraction of light as it passes through different parts of a lens. By putting lenses at precise distances from each other, spherical aberration can be eliminated if the first lens is a low-power and fairly flat lens. The third problem is the maximum resolution possible by light microscopy. The physical laws governing the behaviour of wavelengths of visible light limit the collection of light by an objective to a maximum resolution of 0.2 microns (200 nanometres). Any attempt at greater magnification will result in blurred images.
 
              Compound microscopes are designed for examining samples on transparent glass microscope slides with illumination from behind the sample. The light is transmitted through the sample rather than being reflected from the surface of the sample (‘transmission mode’). To get the best results correct preparation of the sample for investigation is critical. Whatever the sample, it is placed on a rectangular glass slide. Usually a drop of liquid is placed on the sample, and then another thin layer of glass, the cover slip, is placed on top. The optics of microscopes are designed to give the best image if samples are mounted in this way.
 
              The liquid is called the mounting medium and the nature of the chosen mounting medium depends on the nature of the sample, whether the sample is to be kept for reference, and the nature of the detail that microscopy is being used to reveal. If the slide is to be ‘permanent’ and you wish to give the slide stability to preserve the sample for future reference you would use a mounting medium that solidifies and remains transparent. For temporary slides that will be inspected and then discarded the common mounting media include water and various mixtures of glycerine and water.
 
              In fibre identification, it is sometimes important to see clearly the surface detail of the fibre. In this case you would use a mounting medium with a different refractive index from that of the fibre. Most fibres have refractive indices of 1.5 to 1.7, so simple mounting in water or glycerine and water with a refractive index around 1.3 will show the surface detail very well, as would using no mounting medium at all. The use of a liquid has the advantage of stability over using no medium in cases where the sample can easily be lost. But some fibres, such as linen, have internal features that are more important than surface detail. In this case you can use a mounting medium with a similar refractive index to the fibre, making the surface almost invisible but making the internal structure very clear. An example of this is flax, the plant fibre of linen, with a refractive index of around 1.5. Linen shows good internal structure with Canada balsam, a yellowish resin obtained from the balsam fir, or the branded Cargille Meltmount™ 1.539 which has a similar refractive index. Meltmount™ is a series of mounting media which are specifically formulated for use in microscope slide mounting, which have replaced most other mounting media used in cultural heritage investigations. This is also due to health and safety issues which have arisen with some of the solvents and chemicals used in the past. Meltmount™ is available in a range of refractive indices with Meltmount™ 1.662 being most commonly used for mounting cross-sections of pigments in fine-art applications. In some cases, it is important to keep the sample dry and to not use any liquid at all between the slide and the cover slip. One reason for this is where the sample is going to be analysed using further analytical techniques after microscopy. With these dry samples it is still important to use a cover slip over the sample to give the best image, as this assures that the sample, for example a fibre, remains as flat as possible. It furthermore assures that the sample stays in place on the microslide and does not get blown off it by a sudden draft.
 
              All of this assumes that you have the ability to investigate a sample. This is not generally the case for library materials. That does not mean that compound microscopy cannot be used at all. With some modification to a compound microscope it is possible to use one under reflective light, without having to take a small sample from the object.
 
             
            
              Equipment
 
              The high magnification of compound microscopes is achieved by the combination of an eyepiece and an objective lens. Normally the latter has four times (x4), x10, and x40 magnification and the eyepiece has a x10 magnification. The generally available magnifications are thus x40, x100 and x400. Compared to reflected-light stereo microscopy, higher magnifications are possible using a compound microscope, but to get this high magnification the objective lens needs to be very close to the object for the optics to focus the image satisfactorily. This means that illumination of the sample becomes an issue. This is especially the case at the highest magnification, as the objective lens for x40 magnification is significantly larger than the one for x4. All objective lenses are mounted on a single ring that can be turned to place the desired lens in position (see the three objective lenses at the foot of the microscope in Figure 3.6). The high magnification of these compound microscopes means that, unlike the stereo microscopes, they have no internally moving lenses. The precision required of these devices means that every lens has to be kept in a fixed position. This also means that there is a fixed distance from the objective lens, determining the focus. In order to focus the image seen through the microscope the stage (platform) on which the sample is held is moved closer or further away from the microscope, until the investigated area is in the focal point of the lens.
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                  Figure 3.6: Compound microscope with modified stage, allowing larger objects to be studied in reflection (© Bodleian Libraries, University of Oxford).

               
              The focal points are extremely close to the lenses, especially for x40 magnification, as compound microscopes are designed such that the clearest images are obtained using transmitted light which is shone through a sample on a microslide. The relevant variables when using microscopy to produce an image are the same as for photography, that is, brightness, contrast, clarity and focus. Because sampling is seldom permissible, the compound microscope in the Bodleian Libraries has been modified to produce as good a result as possible using reflected light. With the microscope set up in its standard configuration the practicalities of getting whole objects safely under the microscope is intimidating and severely limits the type of material that can be inspected. We are able to examine only small single sheets under the microscope. The first problem is the size of the stage. The standard microscope stage provided is designed for use on samples mounted on microscope slides. The stage is therefore quite small. Microscope slides are a standard size, 25 x 75 mm, and the stage only needs to be big enough for the slide to be moved about so that everything on the slide can be located under the lens. The size of such stages is unsuitable for larger whole objects. At the Bodleian Libraries, the original stage was replaced with a larger platform capable of supporting much larger items. The optics for transmitting light under the stage were redundant, as the microscope is only being used in reflection mode. They were removed, allowing the stage to drop lower by several centimetres. This allows thicker objects to fit in the much larger space between the lens and platform. The replacement stage has allowed a far wider range of materials to be observed at high magnification in reflection mode. Successful observations have been carried out on sizeable objects at magnifications up to x40 and the microscope has now a critical role in the array of techniques used in Bodleian Libraries. In practice the areas made accessible to fit under the microscope are limited by the position of the lens with respect to the microscope support at the back of the stage. There are frustrating situations where the most important region to investigate is just outside the accessible area. However, the modifications have improved the effectiveness of the microscope from a position where virtually no analysis had previously been possible. In reflection mode, shining a light between the objective lens and the studied surface is perhaps the biggest challenge. Fibre optics are in this case not just desirable but a necessity.
 
              Sometimes microscopic examination can give an immediate result that simply needs to be recorded: for example, a fibre is identified as silk or a pigment as malachite. Generally, a visual record is preferred as evidence, a record of why the identification was silk or malachite. This can be done using a sketch book and there are experienced microscope users who favour this type of record over digitization. But increasingly non-specialist microscopists favour digital images. Most, if not all, compound microscopes have the facility to attach digital cameras. This has the major advantage of recording digital images which can then be stored, processed and categorized. Visual comparisons can be made with standard materials and with similar types of materials. If the camera is attached to a projector and screen it can directly be used for teaching and demonstrations.
 
             
            
              Uses
 
              Pigments and other materials can be given a qualitative identification by simple microscopic observation. The size, distribution and colour intensity of pigment particles can give a clue to identification. These identifications are not considered unequivocal because they are not objectively measured, they are based on subjective observations. An experienced microscopist, however, having had training and with access to their own or published databases of authenticated reference photomicrographs, will be able to give results with a high degree of certainty. Again, this identification works best using transmitted light. Some aspects, such as particle shape, become increasingly difficult if you do not have a well prepared sample that you can use in transmission mode. There are three main parameters that can be described using microscopy and that can help in the identification of materials: colour, shape, and size.
 
              The perception of colour is extremely subjective and it is important to record the colour of the sample using simple terms. Colour is particularly important in one of the main uses of microscopy in libraries, pigment documentation. In natural pigments the colour is often not evenly distributed. The natural blue pigment azurite is distinct in containing occasional red copper oxides, and other black and red inclusions. These red and black inclusions allow it to be distinguished from, for example, lazurite, another blue pigment which has both coloured and transparent pigment grains (Eastaugh et al. 2008, 582–83). Unlike most other gem materials, lapis lazuli is not a single mineral but is a rock composed of several different minerals. The blue colour of lapis lazuli is mainly derived from the presence of lazurite, while the second most abundant mineral present in lapis lazuli is calcite, in the form of transparent grains. The presence of calcite in lapis lazuli can exhibit obvious features such as white layers and fractures. It can also be finely amalgamated with lazurite to yield a rock with a uniform light blue colour. Pyrite can also occur in lapis lazuli as microscopic grains with a contrasting gold colour; it can also occur as a golden coloured mineral deposit in fractures within the lapis lazuli. Microscopic investigation allows the distinction between lazurite and ultramarine, which is its synthetic counterpart. Synthetic pigments will tend to have colour which is uniformly and equally distributed. So in contrast with natural lapis lazuli, in the synthetic form the particles are finer, perfectly distributed and completely blue.
 
              Colour is generally not a diagnostic feature outside the area of pigment identification. Most textile fibres do not have natural pigmentation. Their colour depends on what dye was used. In some cases particles adhering to fibres may give other clues, however. The presence of white specks of titanium oxide is clear-cut evidence that a fibre is man-made and modern, as titanium oxide is not known on fibre before the early twentieth century. It is used to protect modern fibres against damage by ultraviolet light.
 
              Grain shapes and sizes in pigments can be an important aid to identification. Pigments are minerals, so the terminology used for describing the shape of the particles comes from geology. For instance, a particle with angular, shard-like pieces with sharp edges is termed euhedral, whereas a particle that is poorly defined in shape, not recognisable as regular solid, is termed anhedral. Synthetic materials are often anhedral as they are precipitated from a chemical, rather than crushed or ground. Definitive shapes such as cubes, tetrahedra, or needle-like are not common in natural pigments, because most of these features are lost in the process of grinding. Besides anhedral and euhedral shapes, there are a number of distinguishing features that help in identification. The distinction between rounded and angular can be used to say something about the sharpness of the particles. The variation in thickness of the particles can be described by the terms low, moderate or high relief, while the types of relief can be classified as smooth, rough, pitted or conchoidal (a term used to describe a fracture with smooth, curved surfaces that resemble the interior of a seashell). Certain minerals exhibit further particulars such as inclusions, zoning (where chemical differences inside the mineral cause different optical properties in different parts of the mineral) or twinning (when two symmetrical crystals have grown together). Some of these features are based on the crystalline structures of certain minerals. These structures can also be described, but they are usually only observable using polarised light (for which see section 3.5).
 
              Examples of diagnostic features are numerous. Some examples include the conchoidal blue grains in lapis lazuli. Red lead has minuscule homogenous particles which are sometimes grouped together. Orpiment is a yellow pigment having large waxy-looking particles which may be mixed with orange particles of realgar. Malachite and orpiment both have characteristic cleavage striations.
 
              The shape of textile fibres can also be very diagnostic. Animal fibres will have scales, but the shape and distribution of the scales will be different for different breeds of animal. There are several breeds of sheep which produce wool with different scale patterns. Angora rabbits produce fibres used in textiles, mohair fibres come from the coats of angora goats, and cashmere from the cashmere goat. Identifying what species produced the fibres can help inform the date and provenance of an object. Another animal fibre is silk, the fibres of which are homogenous cylindrical tubes with a smooth featureless surface and a slightly D-shaped cross section. Cotton has a characteristic flattened shape formed when the cotton is harvested and the fibres dry out. Although cylindrical on the living plant, the cylinders collapse into a flat ribbon during the process to produce textiles.
 
              It is often useful to know the accurate size of features of objects being examined under the microscope and the ability to carry this out is often overlooked. One aspect of microscopy to emphasise is the magnification quoted for microscopic images. If you look at an object using a microscope with an x10 eyepiece and x10 objective lens you know what you are looking at is an image magnified x100. But if you then switch views from the eyepiece to a screen it is no longer x100 but, depending on the size of the screen, could be greater or smaller than x100. Sometimes digital images from a microscope are shown at conferences on enormous screens where the magnification is quoted at x100 where in reality it is more like x10,000! The following paragraphs on measurement are especially important for microscopic accuracy.
 
              Measurement is carried out with a microscope using an eyepiece graticule, a glass disk with an extremely precise series of equally spaced lines engraved or printed on it. This disk fits inside a microscope eyepiece and the lines are focused in the eyepiece. A graticule is also sometimes referred to as an ocular micrometer, reticle or reticule.
 
              The purpose of the eyepiece graticule is to be able to measure samples or features on samples on the microscope stage. The eyepiece graticule is not capable of facilitating measurement on its own. Although extremely accurately spaced, the lines have no units. They are a means of comparing an image to a scale with known units, and need to be calibrated. This is done by placing a very accurate scale on the microscope stage and comparing the scale in the eyepiece with the observed scale on the stage. An example of such a scale is a microscope stage graticule or micrometer. This is usually a circular glass disk mounted in the centre of a metal plate the same size as a microscope slide (Figure 3.7). The glass graticule is used in transmission mode but metal graticules are used in reflection mode.
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                  Figure 3.7: A glass graticule to calibrate microscope measurements (© Bodleian Libraries, University of Oxford).

               
              The calibration in transmission mode is relatively simple. The stage graticule is placed on the microscope stage and the microscope is set up treating the scale as if it were a sample, going through all of the stages of setting apertures and adjusting the illumination as described below. The eyepiece graticule is placed in one of the eyepieces and the eyepiece adjusted so that both the eyepiece and stage graticules are in focus. Then, depending on what magnification is being used, one can establish how many divisions of the eyepiece graticule (unassigned units) relate to an exact unit on the stage graticule. At lower magnifications this could be 5mm that can be seen in the lens. The stage graticule has to be moved into a position where the eyepiece graticule is overlain over the stage graticule with the zeroes in the same place and the scales exactly parallel. This may involve rotating the eyepiece graticule to line it up with the stage graticule scale. Supposing you find that 98 eyepiece units equate to 5 mm. You can then calculate that 100 eyepiece units equates to 5.1 mm. You then place the item you wish to measure on the stage and position the aspect requiring measurement in line with the eyepiece scale by rotating the scale until it is parallel with the dimension required. You can then count the units on the scale and convert to mm by multiplying the number by 0.051 (5.1 divided by 100). For example, if you count 35 divisions you know your dimension is 1.785 mm. Obviously it is important to repeat calibration for each magnification when changing the objective lens.
 
              If a microscope has a digital camera attached it is possible to automate measurements. This depends on which software package is used for manipulating and importing the digital images, but there are many software packages designed for use with microscopes. Many of these are open-access, while others may be bundled with a microscope purchase. Measurements with the software are made by calibrating the software with the stage graticule as described above. The software will have the facility to draw a line on screen on the image of the scale on the graticule. You then input the length of the line into the software. There is no need for an eyepiece graticule. The calibration is set so that any subsequent line drawn across a sample will automatically be measured. This allows for the very rapid recording of many lengths automatically. These measurements should be recorded on the images with a scale bar, so that in whatever way the images are displayed, either on a PC screen or projected onto a large screen, the actual size will be preserved.
 
              Particle sizes are very useful to describe a material such as a pigment. They can be classified in absolute terms, i.e. by measuring their size, or relatively on a scale from very fine to coarse. These two measurements are related and were classified by Feller and Bayard (1986) as follows:
 
              
                       
                      	Absolute size (μm) 
                      	Relative size 
   
                      	10–40 
                      	Coarse 
  
                      	3–10 
                      	Large 
  
                      	1–3 
                      	Medium 
  
                      	0.3–1.0 
                      	Fine 
  
                      	<0.3 
                      	Very Fine 
 
                

              
 
              Eastaugh et al. (2008) suggest adding the category ‘very coarse’ for anything larger than 40μm. While recording this information can be very informative, as the fineness of a pigment can give insight into the manufacturing procedure, it is generally not very informative in terms of pigment identification. The exception to this is that some minerals lose their colour when they are too finely ground. So if you find a coloured pigment with a very low grain size these minerals may be excluded from the list of possible candidates.
 
             
            
              Pitfalls
 
              Even when you do have the option to take samples, in optimal conditions, and however well a microscope slide has been prepared, it is important to optimise the setup of the microscope: to obtain the desired brightness, contrast, clarity and focus in the image. The most important aspect is illumination. At high magnifications the depth of field is very limited meaning that while certain areas of the sample will be in focus, other areas slightly closer or further away from the lens will be blurred. A method for optimising illumination was developed by August Köhler (1893) and this is now known as Köhler illumination. There are a number of stages for setting up Köhler illumination for a compound microscope to achieve the best images:
 
              
                	 
                  First, turn on the microscope and set the brightness to maximum.


                	 
                  Then rotate the lenses so that you are using the least powerful objective lens. On the microscope shown above from Bodleian Libraries (and being used here as an example of a typical standard compound microscope) (Figure 3.6) the lowest magnification is x4. As the eyepieces are x10 the overall magnification is x40.


                	 
                  Next place the sample, already mounted on its microscope slide, onto the microscope stage. The slide will be held in place by fasteners, usually spring clips as in this microscope. The stage can be moved using knobs to move it sideways or front to back allowing different areas of the sample to be placed underneath the lens without moving the slide in its clasps.


                	 
                  Then raise the stage by rotating the course focus knob so that the objective lens nearly touches the cover slip on the slide.


                	 
                  Looking through the eyepieces, move the stage slowly down using the focus knob until the image comes into focus in one of the eyepieces. You may have to move your object around so that it is below the objective lens.


                	 
                  Because people have different vision in each eye, most microscopes have focusing adjustment on one or both eyepieces. This focusing adjuster is called a diopter ring, designed to let you compensate for differences between your eyes. If only one eyepiece has a diopter ring it is important to focus the other eyepiece first, before adjusting the diopter ring. Adjust the diopter ring(s) so that the object is in focus with both eyes.


                	 
                  People’s eyes differ in their distance apart, so it is also important to adjust the inter-pupillary distance, the distance between the two eyepieces. If this is incorrectly adjusted you will see two separate images, one for each eye, rather than seeing just one clear combined image.


                	 
                  Next adjust the condenser. The condenser collects light from the microscope light source and focusses it into a cone of light that illuminates the specimen with uniform intensity over the entire field of view. Close down the condenser diaphragm, which controls the amount of light entering the lens system, to its smallest aperture, so that the edge of the diaphragm is visible through the eyepiece. Looking down the eyepiece move the condenser up and down until the circle of light caused by the closed down diaphragm is in focus. You will observe the edge of the diaphragm become very sharp.


                	 
                  Open up both the condenser and the field diaphragm to their fullest extent allowing the maximum amount of light to pass through them. The field diaphragm control is located around the lens located in the base and controls the size of the illuminated field.


                	 
                  Remove one of the eyepiece lenses and look down the tube to see the bright light shining from below. The light will be filling the whole tube.


                	 
                  Alter the field diaphragm to reduce the visible circle to about 2/3 of the whole tube.


                	 
                  Next adjust the condenser and brightness of light for the greatest amount of light.


                	 
                  Move the microscope slide around until the area of the sample you are interested in is in the centre of what you see, the field of view.


                	 
                  Focus the sample again in this new position and readjust the condenser and light brightness for the clearest image. Depending on what you are looking at this may be as far as you need to go.


              
 
              If you need higher magnification you can change to the next objective lens, in this case x10, which with the x10 eyepiece gives a magnification of x100. You will almost certainly need to readjust the sample into focus and reset the field diaphragm. It may also be necessary to readjust the condenser and the brightness of illumination by turning up the power to the bulb.
 
              The microscope shown in Figure 3.6 has 2 further lenses, x40 and x100, giving magnifications of x400 and x1000 at the eyepiece. At these very high magnifications the setting up is even more critical. The main problem when using x1000 magnification is the lack of depth of field; it is very difficult to get the whole depth of an object simultaneously all in focus. Even though the object you are inspecting may appear to have a perfectly flat surface, at these high magnifications even microns of differences of depth are enough to lose focus at different distances from the lens. To maximize the depth of focus one has to reduce the aperture of the condenser and increase the brightness of the light.
 
              Some x100 lenses and lenses with magnifications in excess of x100 are designed to overcome this to some extent. They have been designed to have a small drop of oil between the lens and the cover slip. One or two drops of immersion oil are carefully applied with a dropper or pipette on to the slide coverslip. This is usually done with the x100 lens swung to one side to allow access to the slide. Then the X100 objective lens is moved back into position and the stage moved so that the lens is immediately above the cover slip. The stage is then slowly moved the up until the lens makes contact with the oil. Continue focusing with the coarse focus knob until the colour or blurred outline of the specimen appears. Finish focusing with the fine focus knob. An x100 lens with oil immersion will enable the viewing of additional microscopic detail at very high magnification and it is often the highest magnification you will need for characterization and identification.
 
              When the microscopic examination is complete it is necessary to lower the stage and move to the lowest magnification, shortest objective lens to be able to safely remove the slide. This may seem trivial, but it is extremely important to remember to be aware of the distance between the lens and the sample. The last thing you want is for the lens to press onto the sample, potentially causing damage to both.
 
             
           
          
            3.3 Polarized-light and fluorescence microscopy
 
            Polarized-light and fluorescence microscopy both rely on the same basic principles as regular microscopes, but have added features that allow specific investigation of materials (Murphy and Davidson 2012). A polarized-light microscope (PLM) is an extremely useful tool in the identification of crystalline materials, especially pigments and fibres. This kind of microscope functions by having two polarizing filters. These are exactly the same as used in polarized-light sunglasses to reduce the amount of light passing through them. However, where the objective of sunglasses is simply to block out light, the aim of the polarizing filters of the PLM is to reduce the amount of light by only allowing one specific portion of the light to pass. Normally, light waves are omnidirectional, vibrating in all directions. Polarizing filters block out all of the vibrations except for those in one preferred vibration direction, called the privileged direction. It is easy to demonstrate this using two pairs of polarising sunglasses. If you place the lens of one pair over the lens of the second pair and rotate one of the lenses you will see that at one angle you can see clearly through whereas at an angle of 90° to the first angle you will not see anything.
 
            Another technique that uses the microscope in a somewhat different way is fluorescence microscopy. Fluorescence takes place when a material absorbs radiation of a particular wavelength and subsequently emits radiation of a different wavelength. Usually this happens because that particular wavelength interacts with the atom or molecule in such a way that it becomes excited. In this excited state it contains more energy than it normally has, so when it returns to its relaxed state it sends out the extra energy that it had temporarily held. How much energy can be held and thus how much energy is released in the form of re-emitted radiation is characteristic of each material and can thus be used to identify it. This principle will also be encountered later in the chapter on X-ray techniques, as it is also a fundamental principle of those. In the case of fluorescence microscopy, light of a specific wavelength is shone onto the sample and the fluorescence that results from the absorption of this particular light is recorded (Lichtman and Conchello 2005). By choosing the right wavelength you excite only those elements or molecules that you are targeting. Through the microscope you will then see only those targeted materials light up.
 
            
              Background
 
              The origin of the polarizing-light microscope is mostly found in the field of geology. It allows the distinction between anisotropic and isotropic substances. Isotropic substances are those that have the same optical properties no matter the direction of light passing through them. A simple example is glass. Anisotropic substances, on the other hand, have different optical properties dependant on the direction of the light. This is due to the crystal structure of these substances. There are seven different basic crystal structures: cubic, hexagonal, tetragonal, rhombohedral (trigonal), orthorhombic, monoclinic and triclinic (Callister and Rethwisch 2007, 46–49). These structures arise because of the way in which the atoms of the mineral are ordered. The smallest complete expression of this order is called a unit cell. In natural crystals that have been able to develop undisturbed, these unit cells are repeated so that the full crystal resembles the unit cell structure. In most rock formations many different minerals with different crystal structures are combined. With a PLM the different structures and optical properties of such compounds can be identified and quantified. Since many pigments are in fact ground-up minerals, this technique can also be used for their identification.
 
              Fluorescence microscopy is mostly applied in the life sciences. This is because it is one of the few ways in which microorganisms can be visualized. To do this, special staining fluids are used which adhere only to specific (parts of) organic materials.
 
             
            
              Equipment
 
              The basic principles of the PLM are the same as those discussed for microscopy in general above. Since quite high magnification is needed to view the crystalline structures, it contains objectives and eyepieces similar to compound microscopes. In most PLMs one polarizer is located underneath the microscope stage between the light source and the sample. This is called the plane polarizer. Another filter, called the analyser, also known as the objective polarizer, is located between the specimen and the eyepieces. The plane polarizer passes only those light waves from the microscope lamp which vibrate parallel to the privileged direction of the polarizer. Light rays from the polarizer will only pass through the analyser if the privileged direction of the analyser is oriented parallel to the direction of the privileged plane of the polarizer. When the privileged directions of the polarizer and analyser are positioned perpendicular (90°) to each other (crossed polars), all of the light will be blocked; this is termed extinction. Looking through the microscope with no sample in view, the background will be bright when the privileged directions of the polarizer and analyser are parallel. If either the polarizer or the analyser is rotated, the background will gradually become darker. For this setup, where the plane polariser is located below the sample, samples need to be prepared as the light needs to pass through the crystalline structure.
 
              It is possible to use this technique in reflection to investigate the surface of otherwise opaque materials. This is used, for example, in archaeology to investigate pottery (Herz and Garrison 1997, 264–266; Rice 2015). In these cases, a different setup is needed where the illumination comes from a different direction, though the basic principles are all the same. As with the equipment used for microscopy in the Bodleian Libraries, special stages need to be devised so that the pottery or other opaque materials can be investigated.
 
              Fluorescence microscopy also does not need special adjustments to the microscope itself. What it does need is a set of filters or a special illuminating light that allows the selection of a specific wavelength. That being said, a whole range of techniques is being developed based on this basic principle, each of which requires much more sophisticated instrumentation. These developments are made mostly in the life sciences and an overview can be found in Combs and Shroff (2017).
 
             
            
              Uses
 
              Polarized-light microscopy is a technique requiring both training and experience, and is only possible where samples can be taken; but it does offer possibilities of analysis that would only otherwise be possible by using more expensive spectroscopic techniques.
 
              With cross-aligned polarizing filters, isotropic materials having a single refractive index such as glass, resins, and ultramarine, will not be visible. ‘Isotropic’ is a term derived from Greek, meaning ‘equal way’, referring to the fact that speed the light takes to pass through the material is uniform, so the plane of polarised light passing through the material is not influenced. Anisotropic materials, have more than one refractive index and will bend the plane of the polarized light. Because of the bending of the light, anisotropic pigments such as azurite, basic lead carbonate, and cinnabar, will appear bright and characteristically coloured against a black background. Polarized light is especially useful in making very small anisotropic particles stand out brightly against the dark background, enabling them to be identified more readily. The colours are not the usual reflected pigment colours caused by the absorption of light, but are polarization colours related to the refractive indices and thickness of sample of the particular material being viewed.
 
              A convenient way to view isotropic and anisotropic materials simultaneously is to cross the polars at an angle of 75° instead of 90°. The background will be a medium grey and both isotropic particles and anisotropic particles will be visible. Isotropic particles such as mounting media will appear about the same colour and intensity as the background. Isotropic pigments will also be the same intensity as the background and will show their usual absorption colours. Anisotropic particles will appear much brighter than the background, showing their polarization colours.
 
              Polarization colours can provide information for identification of pigments. Ultramarine, smalt, cobalt blue and azurite are isotropic and will appear black in cross polars.
 
              If an anisotropic sample is rotated between cross-aligned polarizing filters it will exhibit different polarization colours at different degrees of rotation. This change in colour is termed pleochroism and the extremes of usually two colours will occur every 180°, twice in a total 360° rotation. Azurite and malachite exhibit very subtle changes under such filters, with azurite going from blue to grey-blue and malachite from bright green to grey-green. Cinnabar goes from red to red-orange. These colour changes are related to differences in refractive index. The numerical difference between the maximum and minimum refractive indices gives the characteristic birefringence of a given substance. The birefringence can be estimated when observed in a polarized-light microscope by using a Michel-Levy interference colour chart, which graphically shows the relationship between interference colour and birefringence. The Michel-Levy chart is used by comparing the highest-order interference colours displayed by the sample to those contained on the chart. Orders of colours are based on Newton’s; first order colours are dark grey, white, dull yellow and red; second order are brighter violet, blue, green, yellow, orange and red; third order brighter indigo, green, blue, yellow, red, and violet; fourth order, pale and subtle pinks and green. (A Michel-Levy interference colour chart and a description of its use is supplied as an insert in Eastaugh et al. (2008)).
 
              Once the appropriate colour has been located, the nearest vertical line along the interference colour is followed to the nearest horizontal line representing the known thickness. Standard specimens in geology are 30 microns thick whereas pigment samples are usually much smaller than this. Birefringence is calculated by selecting the diagonal line crossing the ordinate at the intersection of the sample interference colour and the measured or estimated thickness value.
 
              Fluorescent microscopy can be a relatively straightforward aid in identifying and locating specific materials with a known and typical fluorescence. The range of materials that exhibit this feature is limited, however. A whole range of methods has been developed that allow organic materials to be stained with fluorescent fluids. Each of these fluids binds with different target materials and thus can be used to image clearly the structure of cells, nuclei and even individual strands of DNA. A recent development is the application of fluorescent microscopy to investigate biodegradation of cultural heritage (Schröder et al. 2019). By applying a fluorescent fluid which stains the nucleic acids of bacteria to a sample, the bacteria can easily be located. The clear downside of this technique is that it involves sampling. It does however open up a whole new set of investigative possibilities if you can accurately visualize the growth and spread of bacterial degradation.
 
             
           
          
            3.4 Other microscopy techniques
 
            Besides these two main optical microscopy techniques, which arguably are the most used microscopy techniques in libraries, it is worth mentioning two further techniques here. Both are relatively recent developments and neither is truly an optical technique.
 
            
              Handheld digital microscopy
 
              A recent development in the field of microscopy is the introduction of hand-held digital microscopes. These are essentially webcams with a high-powered macro lens in front of them. As such they differ from the optical microscopes discussed above in that they have only one lens, which magnifies the reflection of the surface directly onto a sensor. Illumination normally comes from LEDs in a ring around the lens. The main advantage of these microscopes is that they allow for instant inspection and capture of images on a computer screen. Because you hold the microscope in your hand, you can inspect any area of the surface that the USB cable allows you to reach. The fact that they are hand-held devices is also their weakness, however. It is rather difficult to hold the microscope steady above the surface to allow for a sufficiently sharp image to be captured. Alternatively, you can place the microscope onto the surface of the investigated object, but you would have to be certain that the object under investigation can handle this. Special stages and holders allow these microscopes to be used while held stationary, though these then reintroduce the problems you get with investigation of larger objects. The magnification of these digital microscopes varies for each model, but ranges from x10 to x70 on base models, to high-magnification models going up to x900. These extreme magnifications are clearly not useful in a hand-held setup, but the lower magnifications are extremely useful for application in cultural heritage studies, including library materials. They become increasingly interesting if details are to be investigated of objects that are not easily placed under a microscope, such as highly three-dimensional objects. You can also place the microscope horizontally and take highly detailed images of the side of flat objects. Figure 3.8 shows two images captured at x65x and x185 magnification. Both were made during the destructive testing of mock-ups to investigate the deterioration of Mexican codices (Snijders 2016).
 
              
                [image: ]
                  Figure 3.8: Hand-held digital microscope images showing a top view at x65 magnification and a cross section at x185 magnification of a Mexican codex mock-up (© Ludo Snijders, Leiden University).

               
              Because these devices record directly onto a sensor and their output is purely digital, a lot of aspects such as measurement, introduction of a scale and file naming, have been automated. Just as with digital photography however, the mere possession of a camera does not mean you can make good photographs. These devices still require a skilled and knowledgeable user to get optimal results. Because they are so portable, however, a skilled user can bring his or her own equipment to any given location and will always know how to work the device (Panayotova, Pereira-Pardo, and Ricciardi 2017). This is quite a big advantage over the non-portable, though more robust systems described in the earlier sections.
 
             
            
              Scanning electron microscopy
 
              The final technique that requires our attention here is scanning electron microscopy, or SEM. This technique completely abandons the optical realm and instead uses an electron beam to map the three-dimensional characteristics of a surface. This means that the previously mentioned limitation of optical microscopes, that is, their inability to detect anything below 200 microns due to the physical laws governing waves of light, does not apply to SEM. It is, therefore, a technique applied used to investigate the extremely small. This technique requires small samples to be taken. To be able to use an electron beam the sample needs to be placed in a vacuum. Both this and the high energy of the electron beam itself mean that the sample needs to be quite strong; if it is not, it may need to be specially prepared. It also requires advanced and generally non-portable equipment. The need for sampling and the fact that SEM focuses on the very small means that it has a limited applicability in the study of library materials. Nonetheless, a few notable examples of its use include the study of the structure of paper, particularly before and after conservation treatment (Hajji et al. 2015; Manso et al. 2011). The SEM allows individual fibres to be visualized and inspected. Often SEM is coupled with energy dispersive X-ray spectroscopy, or EDS. The electron beam interacts with the investigated material, causing it to emit X-rays that are characteristic for that material. Measuring the X-rays that are released can help in identifying and, because it is a scanning technique, mapping of these materials (see also Chapter 6.2).
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            Chapter 4 Digital imaging
 
          
 
          Nearly everyone now has a camera on their phone, so digital imaging might seem more of a leisure activity for taking selfies rather than a technique for ‘scientific’ research in libraries. The fact is that a digital camera represents one of the most sophisticated, useful and available pieces of equipment for a researcher, and digital images are of paramount importance as aids for research.
 
          Photography has a long history spanning many decades as an important tool for researching and recording library material. From the middle of the twentieth century, libraries, including the Bodleian Libraries, set up imaging studios for producing surrogate microfilm. The need for high-quality images for publication has necessitated the continued use of these studios, although microfilming has been replaced by digitization. Conservators receive training in photography of their conservation work in progress, as an exact record of what work was carried out. Amongst the studio photographers and conservators in libraries a lot of skill and experience has been built up. Images are produced to be used for a variety of areas, including research. Photographic surrogates help in conservation of the objects by reducing handling, while at the same time providing valuable research data. It is often the case that details can be seen on a well taken photograph that cannot be seen on the object itself without special viewing aids. This enables a researcher to perform a great deal of preliminary observation using these surrogates before deciding if access to the physical object is truly necessary. If access is deemed essential, then the researcher can be quite clear which areas of the object need to be inspected, thus reducing the need for looking through an entire manuscript to find a specific detail and thereby reducing handling.
 
          Image capture using digital photographs relies on the quality of the camera equipment, lighting, on selecting the right settings and in some cases on post-photography processing. Photography based on film was even more time-consuming and expensive, requiring skill, training, experience and a laboratory space for developing the films. Because much of the heritage material being recorded on photographic film was vulnerable, photography represented a significant risk both in terms of transport and movement, as well as in the bright light and heat from the lamps required. It was common for each shot to be repeated at two or three settings, to avoid having to bring the object back to the studio to repeat the process if a shot went wrong. With film photography the result of the capture could not be assessed until the film was processed. A massive difference between film and digital imaging is the speed at which the image can be seen, assessed and retaken if necessary. This also means there should never be any reason for an object to be re-imaged because of poor image quality. This is a significant improvement in terms of preservation.
 
          Over the last three decades conventional film photography has been almost completely supplanted by digital imaging in libraries. This has allowed a number of important changes in research possibilities, not least the ability to share images and display them on the internet. Images of similar objects from locations far removed from each other can be viewed side by side, within minutes of the images having been taken. In addition to sharing across the globe, it has also made image manipulation, enhancement, and labelling possible using software such as Adobe Photoshop®. All this is truly profound and has been called the digital revolution, or as it has been dubbed in the Bodleian Libraries the ‘digital shift’.
 
          Some elements of creating images remain the same. Image capture and the skill required for framing the image, setting up focus, exposure and aperture is the same for both film and digital cameras. The importance of lighting, including raking light and transmitted light, also remain the same. Many monographs and journals have been published on photography (for example Ang 2016; Allen and Triantaphillidou 2011; Wright 2016) and it is not the purpose of this volume to describe practical photography and digital imaging in detail. The purpose here is to highlight those aspects which are most important for producing images suitable for research.
 
          
            4.1 Digital photography in the visible range
 
            The aim of photography in the visible range is to capture an image that as accurately as possible reflects what an object looks like to a human observer. This means recording the colour of the object, i.e., the way in which the surface reflects light in the three wavelengths that humans perceive, red, green and blue (see below). Colour recording and representation is both important and complicated. Colour can be described in both scientific terms and aesthetic terms. In digital imaging the most critical aspect of colour is accuracy, so that the digital image is as visually similar to the original as possible. Unfortunately, human colour perception is mediocre at best (see also Chapter 8). Because of that, how people perceive colour is different for each person and is also highly influenced by the qualities of the illumination. Therefore, the most important elements of reproducing colour accurately are lighting and standardization.
 
            
              Background
 
              To create images that are accurate to the human eye it is necessary to understand a little of how the eye functions. Humans and many animals have eyes with sensitivities to three different approximate colours: red, green, and blue. The three different colour sensitivities in our eyes are an example of tri-stimulus colour and are referred to as the Human Visual System (HVS). The retina, the light sensor covering the back internal surface of an eye, is lined with light-sensing cells known as rods and cones. While the rods on the retina are extremely sensitive to the intensity of light and are very close together to give good spatial resolution, they are not sensitive to colour, seeing only black and white. The colour-sensing cells of the retina are the cones. When light of a given wavelength enters the eye and strikes the cones of the retina, a chemical reaction is triggered that causes an electrical impulse to be sent along nerves to the brain. There are three kinds of cones, each sensitive to its own range of wavelengths within the visible light spectrum. These cones are referred to as red, green, and blue cones because of the wavelengths of light that they respond to. The red cone is sensitive to a range of wavelengths, as are the green and blue cones. The red cone will detect wavelengths of red light, but also the wavelengths of orange, yellow and even some green light. Similarly, the green cone is most sensitive to green light but can also be activated by wavelengths of light associated with the colours yellow and blue.
 
              Because there are only three sensors in our red-green-blue (RGB) optical system and we need to see an infinite number of colours, we need to calculate how each pure colour is represented as the particular combination of the three primary colours received at any point. A red cone on its own cannot distinguish between a small amount of red light at 580nm where it is very sensitive and more light at 650nm where it is less sensitive. It is only by comparing the relative amounts of red, green, and blue light that the colour can be calculated. Our brains have many clever mechanisms for doing this and reducing errors in colour perception. But people can be confused by colours (witness many famous optical illusions) and some are colour-blind.
 
              Combinations of the primary colours, red, green and blue can be used to produce all of the colours in the visible spectrum. Equal amounts of all three produce white light. This ‘additive white light’ is what defines them as additive primary colours. Mixing equal amounts of two primary colours together produces what are known as the secondary colours: yellow (red + green), cyan (green + blue), and magenta (blue + red).
 
              To match the sensitivity of the human eye the additive primary colours for human vision, RGB, are used in televisions and computer display screens, projectors, or any other electronic visual display. As we are trying to accurately replicate the colours in the image as we see them with the eye, the image sensors in a digital camera also operates with some version of the RGB model. The RGB models in digital imaging are created from a reduced range of colours, so called ‘colour spaces’, used simply because the complete range of all visible colours would be too vast (technically infinite) for computation. Two of the most popularly used colour spaces are Standard RGB (sRGB) and Adobe RGB. Each can represent up to sixteen million colours.
 
              The camera sensors themselves are all the same and detect any light that falls on them, whatever the wavelength and so whatever the corresponding colour. The most common way in which individual digital image sensors in a camera can be made to record colour is to use coloured filters in a filter mosaic. This is an array of coloured filters arranged with RGB colour filters on a square grid covering the individual sensors. A commonly used filter array, the Bayer filter developed by Kodak, has a configuration with green filters covering twice as many detectors as red and blue filters in order to produce the best colour accuracy.
 
              Confusingly, a camera’s sensor has a different definition for red, green and blue ‘colour space’ than your computer and monitor. Fortunately, all recent models of digital camera can perform the conversion from the camera colour space to a more standard space, so no further action is necessary. Cameras now generally can produce sRGB which is suitable for computer monitors, printing and the web. Professional models normally offer the choice of at least sRGB and Adobe RGB. This automatic, instant process is much easier than the complicated process of having to create your own custom profile. Although Adobe RGB is said to be superior as it has a slightly wider range of colours, in practice most monitors and printers are set up to operate in sRGB; the image on screen and printed image will look crisper and more vibrant using this colour space.
 
             
            
              Equipment
 
              Digital cameras capture images using an array of thousands or millions of tiny sensors, each of which converts the light from one small portion of the image into electrons. The image formed is composed of an equivalent array of dots known as pixels. In basic terms, the more pixels, the higher the image resolution, and so the more details can be seen when you zoom in on a digital image. Digital cameras use active-pixel sensors (APS), an image sensor consisting of an array of pixel sensors and an integrated circuit. Each pixel sensor contains a photodetector and an amplifier. There are two main types of APS used in all commonly used imaging devices: mobile phone cameras, digital pocket cameras, and digital single-lens reflex cameras (DSLRs). They are called the complementary metal-oxide-semiconductor (CMOS) APS and the charge-coupled device (CCD) APS. Even though the CMOS chip is less sensitive than a CCD chip it is much more widely used, as they are significantly less expensive to manufacture than CCD sensors. CCD sensors used to have a distinct advantage of high sensitivity to low light levels, which significantly reduced the amount of ‘noise’ that they reproduce in low-light situations. This has changed because of the colossal sales of CMOS sensors, which has led to considerable investment in research and development to the degree where they are now perfectly satisfactory for most situations.
 
              Most digital cameras today have so many pixels that they are usually measured in megapixels, one megapixel being equal to one million pixels. How many pixels are desirable or necessary depends on the anticipated use of the image. For print publication purposes the resolution needs to be adequate for the print size required. For researchers who will generally view images on a computer monitor the important factor is the amount of detail that is visible on screen. It is important to be able to zoom in to 100%, actual pixel size, without the image becoming fuzzy or pixelated. The spatial resolution of digital imaging has been steadily increasing over the years. Even fairly standard digital cameras which may have three to eight megapixels will produce high resolution images suitable for most current display screen resolutions.
 
              The number of pixels is not the only factor in image quality. Another important factor is the size of the sensor, the equivalent of the film size in traditional photography. In film photography the normal film frame sizes ranged from the very small size (30.3 × 16.7 mm) of the short-lived Advanced Photo System developed in the 1990s to the large-format film (102 × 127 mm). From the 1920s to today, the 35 mm film format has been the norm for most photography, and the medium 60 × 60 mm (usually represented as 6 × 6 cm) format for some professional photography. Even the smallest of these formats is much larger than a phone digital camera chip which is typically only about 5 × 5 mm. Although modern mobile phones have built-in cameras with up to 10–12 megapixels, their sensors are much smaller than those of DSLR cameras. A DSLR combines the advantages of the high-quality optics and the mechanisms of a single-lens reflex (SLR) camera body with a good-sized digital imaging sensor. SLR cameras have been improved and developed over many decades and offer the best possible optics and design for producing high quality images. DSLR cameras usually have full-frame digital sensors. Full-frame is the term used for an image sensor format which is the same size as 35mm film format (36 mm × 24 mm). This means that film SLR cameras can be converted to digital by fitting a digital back, while new cameras are based on the best aspects of the old technology combined with the new. If you compare a 35 mm digital camera with an iPhone, for example, each with 12-megapixel sensors, the sensor in the camera will be around thirty times larger than the sensor in the phone. This means the individual sensors in the camera will be 30 times the size of the phone’s sensors and will receive 30 times the amount of light. This increase in sensitivity will improve the quality of the image by reducing ‘noise’, i.e., errors in image collection. This becomes particularly useful in low-light settings. So even though nearly everyone carries around a camera in their pocket capable of making high-resolution images, it is still worth investing in a good-quality full-frame DSLR camera for adequate research imaging. The advantage of higher numbers of megapixels can be seen when you wish to zoom in on a particular area without the image becoming pixelated.
 
              Higher resolution means higher numbers of datapoints in each image; the downside is that file sizes increase, with a proportional increase in storage requirements. File size also varies with the file format chosen to store an image. The recommended file format for digital preservation is Tagged Image File Format (TIFF). TIFF files are the largest file format, but contain all of the data required for long term storage without compression or other processing, while they can still be viewed. Another image format, RAW, so called because the file contains minimally processed data, is also used for the initial image capture. The RAW file in itself cannot be viewed or printed and can be considered the digital camera’s version of a photographic negative. It has the advantage of being slightly smaller than a TIFF file.
 
              The camera is only part of the equipment that is needed to take good, standardized images useful for research. In most institutions the most professional kind of setup can takes the form of an imaging studio. Not all libraries have the capabilities of supporting a full imaging studio. However, an analysis of the setup at the Bodleian Libraries (Figure 4.1) shows the critical components which are needed and which in some cases may have to be improvised by a researcher or conservator when they need to make a photographic record on the spot.
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                  Figure 4.1: The imaging studio at the Bodleian Libraries, showing all the elements needed for a good photograph (© Bodleian Libraries, University of Oxford).

               
              The first thing needed is to create the best possible lighting conditions. The properties of the light used impact directly on the appearance of the resultant photograph. There are many different options when it comes to lighting. Most of these are valid choices (MacDonald 2006), so long as a number of things are taken into consideration. Some light sources produce a relatively high amount of infrared (heat) radiation or ultraviolet light. Neither of these is useful for photography in the visible range as both are filtered out by the camera. Both have a negative influence on library materials, so these light sources should be either avoided completely, or they should be fitted with filters that prevent this type of radiation reaching the object. Different light sources have different colours, which affect not only how a document looks to an observer, but also how it will look on your photograph. If proper calibration is made part of the photographic process (see below), these differences can be corrected for. It is essential, however, that the lighting conditions remain the same during the entire period that photographs are being made, or else you will have to recalibrate. This is especially difficult when you are working near a window through which daylight enters.
 
              If images of, for example, an entire manuscript need to be made, a stand or cradle is not only very useful for the photographer, but also much safer for the manuscript itself. In a professional imaging studio, the cradle also allows you to control carefully the distance between the camera and the object that is photographed, as you consistently place it in the same spot. In any case, a tripod or some other stand on which the camera is placed is almost indispensable to take images of a consistent quality. It also allows you to set up the camera in such a way that it is always perpendicular to the surface of the photographed document. This is very important to keep all areas of the surface in focus.
 
              In a professional imaging studio, the photograph is taken and is directly visible on a computer. It can be instantly inspected and stored with its required metadata (see below) if it is considered of sufficient quality. It is very important to check each image not just on the LCD screen of your digital camera, but on a larger computer screen. Only there do small inconsistencies or imperfections, such as slight blurriness, become apparent. The final set of tools needed to make a good photograph are those needed for both spatial and colour calibration. Since this is such an important aspect, which truly separates a quick snapshot from a scientifically useful photograph, they deserve their own discussion.
 
             
            
              Calibration and metadata
 
              Although it seems so easy to take a quick snapshot, there are many ways in which information can be recorded wrongly or entirely lost when making a digital photograph. Most of this is easily circumvented by calibration and the correct storage of metadata. Clearly, not every researcher will go through all the calibration steps that are explained below. What we describe here is best practice for the scientifically accurate recording of images. How far this calibration needs to be taken all depends on the objective of the photography.
 
              The measurement and recording of the dimensions of objects is critical. This can be simply recording the length, breadth and height of a book. This is important for a number of reasons; obviously a large item will have different handling and storage requirements from a tiny one. These measurements are very important if protective enclosures are being made to measure as a preservation effort.
 
              Scales in images taken of objects are particularly important. These are accurate physical images of a measure, perhaps different scales for different sizes of object. For instance, there are commercially available ‘photo documentation rulers’ which come in different lengths and different units; centimetres and millimetres, inches and 1/8ths of an inch. Mainly the metric measures are used. A word of caution; I have seen people use a photocopy of an accurate measure as a cheap copy. Unfortunately, some photocopies are not the same size as the original and the measures can be inaccurate. This is not really disastrous, but if scales are to be used, they should be accurate!
 
              As described in a previous chapter, measurements are especially important if photographs are taken through a microscope. Measures of items like paper fibres can help to categorize the quality and provenance of the material. The measurement of pigment particles can also aid in identification. So for these images it is at least as important to record dimensions as for regular photographs.
 
              Making sure that you know the dimensions of an object is easy. Making sure that the colours you collect are right is more challenging. Error in accurate colour imaging can be caused by the colour of the illumination. Good even lighting is necessary to produce highly realistic representations. Conservators often require further images to be taken in order to enhance the information given. Examples have already been given in the introduction, such as the use of raking light to image three-dimensional surface topography, or the use of transmitted light to expose past repairs or faults in the original construction or the materials used. The light reaching the lens of a camera is a combination of the original incident light falling on an object and the colour of the object which is reflecting the light. What the camera detects as the colour of the object is only the reflected light. The image needs to be corrected to compensate for the effect of different ‘colours’ of light. The human eye in combination with our brains can compensate for this really well. Digital cameras are not effective in dealing with it; the way to correct it is to set the so called ‘white balance’ every time the light source is changed. White balance is simply a calibration to adjust the camera settings to the colour of light source that is illuminating the object. Daylight, and in particular North daylight, is always a good starting point for illumination in recording conservation treatments and taking images to highlight certain features for specific study. The conservation studios in the Bodleian Libraries are situated in the North wing of the Weston Library specifically so as to make use of the North light for observation and imaging. Full-spectrum lamps that emulate North light specifically for photography are available at photography shops and online.
 
              Some cameras have a ‘colour temperature’ setting which gives approximate white balance for different light sources. White balance reflects the relative amounts of red, green, and blue light that the camera considers to be white. If the white balance is off, it means that the entire picture gets a red, green, or blue ‘glow’. Colour temperature relates to the colour of heated iron at various temperatures so it can be used as a reference. Incandescent lights tend to be around 3200K (Kelvin), sunlight is from 5200 to 6500K, and cloudy or shady conditions give higher measurements than that. Often the light source types themselves (incandescent, sun, cloudy, etc.) are listed rather than colour temperature. It is always best to start with the correct setting, but if one is taking pictures in the RAW image format the images can be adjusted retrospectively. The most accurate method for calculating the white balance is by using a ‘grey card’, more correctly a uniform reflective board, and this method is recommended for colour measurements. A grey card is a tool for capturing images with the correct exposure, an important factor in good photography. When you take reflected-light meter readings off the grey card you are certain to get accurate exposures. A grey card is an industry standard which is easily available both online and from photographic shops. The grey card is 18% reflective. This number is important because 18% grey is what your camera’s internal light meter is set up to use when calculating the correct exposure for a scene. Put a grey card in front of your subject, take a meter reading from it, and this gives correct exposure for your imaging regardless of scene being imaged. It is used to calibrate the white balance in different lighting conditions, so you need to use the card whenever the lighting changes. Each camera will have instructions in its user guide/instruction manual on how to use the grey card with that particular model.
 
              Another factor that can cause error in accurate colour accuracy is metamerism, in which two colours of different wavelengths may appear the same. A camera (and our eyes) has only three measurements for each colour. This is relatively little information and can result in two different colours having the same visible RGB appearance. Two colours which give visibly similar colour images under one illuminant might give visibly different coloured images under another. Conversely, an object may appear to have a very different colour when viewed in daylight, compared to how it appears under fluorescent lighting. The eye can also be fooled in this way, but the combination of eye and brain makes this much less of a problem. The camera has no way to correct for this and the only way to control some inevitable metamerism is to control the light sources. North daylight and full-spectrum lights are the best way to minimize the worst effects of metamerism.
 
              Another factor that can affect accurate colour rendering is the infrared filter in a camera. These are permanently mounted in front of the sensor in all cameras and are necessary because the semiconductor material used for the sensors is sensitive well into the infrared region of the spectrum. Infrared radiation can come from many sources including heat from flushed skin, reflections given off by certain flowers to attract insects, or any other source of heat. Without an infrared filter all of this radiation would appear on the image, distorting the colour rendition. The problem is that infrared filters do not only filter infrared radiation: the stronger the infrared filtration, the more the visible spectrum is also filtered, leading to inaccurate colour.
 
              Colour accuracy in imaging can be calibrated by the use of colour standards. These are coloured targets that are included in the view taken of the object, which allow the images to be corrected retrospectively by image manipulation. The importance of the grey scale was described earlier; it helps to optimize the capture part of the imaging process. This further standard, the colour-rendition chart, acts as a standard for accurate colour rendition whether on screen or in print. The most well known and used of these, the Macbeth ColorChecker was first described by McCamy, Marcus, and Davidson (1976). Now called the X-rite ColorChecker Color Rendition Chart, it is still most often referred to by its original name, the Macbeth ColorChecker or Macbeth chart (Figure 4.2). It was originally produced by the manufacturer Gretag Macbeth. The chart was developed to facilitate quantitative or visual assessments of colour reproduction in processes employed in photography, television and printing. The 4 × 6 array of patches includes spectral simulations of natural colours, light and dark human skin, foliage, blue sky, and the blue colour of the flower of a chicory plant. The additive primaries, blue, green, and red, and the subtractive primaries, yellow, magenta, and cyan are included as well as 6 steps on a scale from full darkness to neutral (grey) and white. Further colours are included “of general interest and utility for test purposes”: bluish green, orange, purplish blue, moderate red, purple, yellow-green, and orange.
 
              
                [image: ]
                  Figure 4.2: The X-rite ColorChecker and an example of its use to calibrate the colour of a photograph (© Bodleian Libraries, University of Oxford).

               
              The targets have not fundamentally changed since their development in the 1970s. They come in a range of sizes and formats, from the full-size ColorChecker Classic (20.9 × 27.9 cm), preferable for large works, to the pocket-sized ColorChecker Passport (6.36 × 10.8 cm) which is used for close-up shots or smaller works. The cost of these standards is less than £100. The manufacturer suggests that the typical lifespan of a ColorChecker target is two years, which is probably a much shorter period than the age of targets in use in libraries. It is, however, important to note that prolonged exposure to radiation, particularly UV radiation, will fade the ColorChecker patches and affect the colour calibration procedure.
 
              The ColorChecker can be used to create a digital colour profile for the camera automatically. All cameras will use some type of profile, known as a generic profile. These would be the generic files that come with the cameras from Canon, Nikon, etc., and are selectable during post-processing. Creating custom camera profiles, just like the built-in camera profiles within image analysis software that may be specific to your camera, serves to make post-processing much faster and more accurate.
 
              Creating a custom profile is more accurate, as it allows us to create a profile for the specific lighting condition of a particular imaging session. It will also be specific to the unique camera rather than a generalized Canon, or Nikon, etc. Creating a custom profile allows the use of that file across multiple images specific to these lighting conditions, but of course if the lighting conditions change, it would be necessary to create a new profile. X-rite provide free downloadable software, ColorChecker Passport Photo Camera Calibration Application and Lightroom® Plug-In, to build custom camera profiles with the ColorChecker Classic Target. Using this method you can quickly establish an accurate colour calibration and thus maintain control of colour.
 
              By their nature, digital images need to be viewed on a screen or printed. Printing is not very important for the subject of this book, as standard printing from an office or home printer will almost always produce bad colour rendition. Even in professional prints for publication, it rarely happens that colours are rendered exactly right. Furthermore, aspects of the paper such as gloss also impact the reproduction of colour. How the image looks on a screen is an important and often forgotten factor when analysing digital images. Many computer monitors are very poor at colour rendition or are very badly set up. Monitors should be chosen for visual accuracy and should be calibrated. Each monitor will have a colour profile specific to the particular equipment. Even monitors of the same model from the same manufacturer may display images at different colours. Calibrating the monitors can be done in a variety of ways but is seldom done. It is a very important part of the setup in the imaging studio at Bodleian Libraries. Images as seen in the studio should look exactly the same as when viewed on any other properly calibrated monitor.
 
              Cheap monitors and laptops are not good enough to benefit from calibration and should be avoided. Of course, most scholars that come to visit a library for their research will bring their laptops, so they cannot be avoided in real life. It is important that library staff are aware of the limitations of such screens, so they can deal with researchers claiming that provided images have the wrong colours, simply because they are viewing them on inappropriate screens. Windows 10 and Mac IOS operating systems have free tools for calibrating a monitor using software and visual comparisons. The problem with using these methods to calibrate a monitor is that they rely on individual people’s subjective perception of colour. A more accurate and highly recommended method to calibrate a screen is to use a calibration tool based on a colorimeter. There are several calibration tools available costing around £200. The process is very simple and does not take very long, less than half an hour, so the process can be carried out regularly to ensure accuracy over time. All that is necessary is to load the software supplied with the calibration tool, allow the screen to warm up for half an hour in a location with little extraneous light, place the tool on the screen and run the software.
 
              Despite all these methods of calibration, on both the image collection and the presentation side there is one aspect that we cannot control: the way in which users access their information. Especially online databases suffer from this. Most but not all browsers, including Firefox, Apple Safari and Chrome, support colour profiles. We have to be realistic, however. Most users of online image databases are not interested in the exact colour-profile of an image. It is only for the truly dedicated researchers, who are perhaps interested in investigating the changing uses of styles and materials over a range of documents that they wish to compare digitally, that these things become an issue. It is good to try to create awareness about the limits of colour presentation on screens and the need for calibration for those truly dedicated to such research.
 
             
            
              Use of digital images
 
              Photography itself was already a major advancement in the study and management of cultural heritage materials. Especially for such relatively two-dimensional objects as manuscripts, maps and other texts, photography allows the storage and reproduction and dissemination of much of the encoded information. The digital shift has added functionality to that. On a general level digitization has also made portability possible, with the ability for images to be seen from almost anywhere on the planet. In addition to this you can process and manipulate images with computer software. The power of the internet has increased the expectation that all information will be available to everyone instantly.
 
              A massive digitization project was carried out in the Bodleian Libraries by Google between the years 2004 and 2008. Several hundred thousand printed books, mainly from the nineteenth century, were digitized and are now available online. The selection of books was based on copyright issues and condition, the safety of the books being of paramount importance. These books have been converted onto machine readable texts by optical character recognition (OCR). OCR allows texts to be understandable to the computer as text, rather than as an image. The main advantage of this is that the text can be searched for specific words, opening up all sorts of other interesting avenues of research. This is different from the kind of research described in this book but offers a background of the changing landscape in librarianship. There are also a number of online tools for aiding the transcribing of printed texts more or less automatically.
 
              More recently, the internet has given rise to a steady stream of projects using crowd sourcing to help in deciphering fuzzy or obscure texts (Terras 2016). An example of the possibilities for research of online images is exemplified by the Genizah project (Choueka 2012; Lerner and Jerchower 2006).1 The Cairo Genizah is a collection of some 300,000 Jewish manuscript fragments that were found in the Genizah or storeroom of the Ben Ezra Synagogue in Fustat, Old Cairo, Egypt. These manuscripts outline a 1,000-year continuum (AD 870 to the nineteenth century) of Jewish Middle-Eastern and North African history, and comprise the largest and most diverse collection of medieval manuscripts in the world. Making the Genizah holdings available online enables scholars to compare the fragments held in Oxford, Cambridge, New York, Philadelphia and Manchester to make progress with a long-term goal of Genizah research, identifying matching fragments in different collections. Over 250,000 images are reported as ‘classified’. On the website Zooniverse2 many of these crowd-sourcing web sites can be found, several of which are based on library material research.
 
              Such a large database of images lends itself also to highly advanced computer techniques, which try to automate letter recognition and eventually transcription. This is no different from OCR, with the major difference that handwritten texts do not exhibit the limited set of predefined characters that printed texts have (Wolf et al. 2011). The transcription of handwritten texts is obviously much more difficult, due to variations in handwriting styles, even within texts written by the same hand. But over the last few years handwritten text recognition (HTR) has become more realizable, due to commercial services and the work of teams funded by grants from the European Union. A 2019 review of Transkribus3 outlines an EU-funded project Recognition and Enrichment of Archival Documents (READ) (Muehlberger et al. 2019). Transkribus was launched in 2015 as part of the tranScriptorium project and is a service developed based on the research into neural networks that was part of the READ project. This service provides a virtual environment in which researchers can upload their documents and transcribe them. This does not in itself sound very promising other than a useful way of keeping track of your transcriptions, but it is actually a first step in HTR. The latest HTR research is based on deep neural networks. Neural networks are described as biologically inspired programming which enables a computer to learn from observational data. The neural network uses a number of examples to produce a ‘ground truth’. This involves transcribing by hand a large number of pages written by one particular scribe. From this the program automatically infers rules for recognizing handwritten characters. By increasing the number of training examples the ground truth becomes more accurate and the program can learn more about the handwriting and improve its accuracy. This is exactly what Transkribus promises. Once a threshold of texts has been passed, i.e., once enough learning material has been manually transcribed, a neural network can start learning. It automatically generates transcription that the researcher then checks and corrects. This in turn improves the accuracy of the neural network and thus future automatic transcriptions. The Q&A of Transkribus states that 75 pages of handwritten text, or about 15,000 transcribed words is generally sufficient to start training HTR if the words are all written by the same hand. To compare, the Tesseract OCR engine can work with just 60160 individual characters of printed text (Smith 2007). Another example of HTR is the project on the writings of Jeremy Bentham. University College London owns a large part of his work and until recently none of it was publicly accessible. Thanks to a large crowd-sourcing project called Transcribe Bentham (Causer and Terras 2014; Causer and Wallace 2012), these texts have now become available. Such a large dataset offers good training data for HTR (Causer et al. 2018) and high levels of correct automatic transcription become possible. This offers the hope that in the future the huge and growing mass of digitized manuscripts can be transcribed, allowing them to be searchable online. This would be beyond comprehension until just a few years ago.
 
              Conservators have also moved to digital imaging for all of their treatment records and will often use Photoshop® as a tool for conservation documentation when examining an object. What is less common is the use of digital images as a research tool to identify and record damage not clear to the naked eye. High-resolution images using close-up or macro lenses can provide microscope-quality images without the need of a microscope. One of the benefits of using digital cameras is that one can nearly always look at objects rather than samples, and in reflective mode rather than transmitted light.
 
              Enhancement of digital images can have unexpected results. When a digital photograph of the cover of a Mexican manuscript called the Codex Mictlan (Bodleian Libraries MS Laud 678) was investigated, it turned out that a pattern of black dots was hidden in the data. This, combined with a tuft of hair in one of the corners of the cover, was enough to reveal that this indigenous Mexican book once had a cover of jaguar fur. For hundreds of years this manuscript had been in the hands of European institutions and had been the subject of many research projects. It was known from Mesoamerican pictographic representations of books that they were sometimes given a jaguar skin cover, but it was a real surprise when it turned out that we had one right under our nose all along (Snijders 2014).
 
              The use of commercially available image editing software for documentation has a number of advantages: it is likely to be commonly available and regularly updated; there are a number of plugins available with capabilities specifically for scientific use; using a mainstream software with a large professional user base allows for sharing the material using the same platform without issues of file conversion. Other examples of imaging software packages that are used by scientists and imaging professionals are the freely available Gimp and Image-J. Whichever package is chosen you will need to spend time learning to use it. All come with extensive online downloadable manuals, but they are all complex programs designed to do a great many operations for a wide range of audiences, each with their own requirements and aspirations.
 
             
            
              Pitfalls: Distortions and digital conservation
 
              There are a few issues that need to be taken into account when using digital imaging, especially when it is used for research purposes. The first three of these are related and are not necessarily limited to digital imaging but to any form of imaging, including film photography. They are the issue of aberrations in images, and their effect on registration and mosaicking. The fundamental issue is that many lenses cause (slight) optical distortions. These distortions have already been mentioned in the previous chapters and they are of bigger impact on microscopes. Even if the lens does not create aberration, there is a good chance that the image becomes distorted if the camera is not positioned exactly right. If the camera is not positioned exactly perpendicular to the surface, one side of the document will be slightly closer to the camera, meaning that this will be slightly bigger. This also happens if there is a large amount of surface relief, for example with crumpled parchment. This is generally not a very big issue unless you need to take accurate measurements on the photograph. It becomes a much more significant issue when multiple images need to be taken of a single document, such as a large map, which then need to be stitched together. The same goes for situations where a closeup shot of small details needs to be projected onto an image of the full page. In both cases, getting images to line up becomes impossible and they need to be registered, i.e. distorted so that they line up. It goes far beyond the scope of this text to go into further details of these techniques as they are many, and all based on advanced mathematics (Zitova and Flusser 2003). Quite obviously the simplest way to avoid, or at least limit the need for, having to deal with these issues is to ensure that the setup for digital imaging is correct.
 
              The final issue is something we wish to introduce here, though it is an issue that needs to be accounted for in the creation of any digital file. It is the issue of digital curation, i.e., making sure that the files can stand the test of time. This issue is becoming increasingly pressing in present-day society. On the one hand we see an increase in digital technology for everyday use, but also for things such as governmental archiving. On the other hand, cyber security is an increasingly important issue. The loss of digital data often is a true loss. The same goes for library materials. While one may be able to take another photograph of a manuscript when the old photographs are lost, the manuscript may have deteriorated in the meantime. If the photographs were part of a record of a conservation intervention, you may have lost the information on what happened to the manuscript. Loss of data can happen in a number of ways. One is that the files are removed from their storage medium, i.e., deleted. It is relatively unlikely for this to happen accidentally if an archive is properly structured and labelled. Today, most data is stored in the ‘cloud’. This seems to be some ephemeral thing where you store your data and it floats forever undisturbed. Unfortunately, all this data has a physical counterpart, usually in the form of a giant datafarm, and those are not as impervious to attack or accidents as we like to think. Back-up systems can safeguard against such event, but a third much slower and also more dangerous type of loss lies in wait. This is simply aging in the relation to the advancement of technology. Filetypes that are commonplace today may become obsolete in the future. Eventually such files lose their support and can no longer be viewed on operating systems. This is already happening and a real concern. This leaves us with two options. Either we choose to start adding devices that are able to display the digital files to our collections, or we continuously convert the files to newer formats. Neither is without issues. Old devices eventually break and spare parts and the knowledge of how to repair these devices will need to be sourced. At the same time, when we update to newer formats we have to be very careful that we preserve all data stored. Such conversion also needs to take into account any links that may have been established between documents, which may break if we convert them. None of this is of immediate concern to the researcher who just want his or her photograph. At the same time, the sooner we start to think about these issues, the less of a mess we have to clean up in the end.
 
             
           
          
            4.2 Infrared imaging
 
            Historically, infrared imaging using film was complicated and time-consuming. The film even needed to be kept in a refrigerator, otherwise heat – infrared radiation – would start to leave its imprint on the film. Now with digital devices infrared imaging has become a quick and easy technique which is used to examine many types of objects. It can help reveal hidden details under the upper layers of objects, such as underdrawings and hidden signatures or watermarks not detectible under visible light. The technique has been used to discover details of scribes and artists’ techniques and alterations such as added pigments, retouching and restorations. Infrared examination can even be used as a rough, but quick and easy, tool, for the categorization of certain groups of pigments and inks.
 
            Because infrared imaging is readily available, relatively inexpensive and extremely useful, it is surprising that it is not a ubiquitous technique in conservation studios and heritage laboratories. A simple infrared camera next to a workbench, in a reading room, or as part of a battery of equipment in a research laboratory could give instantly useful data. Perhaps the main reason for this is that infrared radiation is heat, and in the cultural heritage field heat is often associated with damage.
 
            
              Background
 
              Infrared imaging is similar to photography but involves the recording of the reflected infrared light rather than visible light from an object. In the early days of photography on film, infrared could not be captured, as the silver halide emulsion used to capture photographs did not react to this radiation. Robert Wood (1911) was the first to intentionally record both infrared and UV radiation. Back then, photography was still done on glass plates covered with a photosensitive emulsion rather than commercial photographic films. When these became available in the 1930s after research at Kodak laboratories (Brooker, Hamer, and Mees 1933) infrared photography started to become available to a wider public. The Second World War saw many new applications for infrared photography which utilized one of the properties of infrared radiation: its ability to penetrate many substances much more easily than normal light. It was employed in aerial photography, since it saw through a cloudy haze much more readily, but also in the detection of camouflaged tanks. Besides these military applications, a whole range of civilian uses were dreamt up for infrared photography, especially in the study of art. Since infrared radiation can penetrate deeper below the surface of an object than visible light, it is a very useful tool to study pentimenti and other underdrawings. This is especially useful since most of those pentimenti are made with carbon-based inks, which strongly absorbs IR radiation, making them easily visible in IR photography. Infrared imaging can enhance the contrast between materials and surface features such as charcoal or carbon-based inks on paper, which can be dramatically enhanced. The way that a material reflects, absorbs or transmits infrared radiation can aid in the characterization and differentiation of materials (see also chapter 5). Most of these applications were already developed in a very early stage. The development of digital infrared photography followed the same path as regular RGB photography, although the ability to record infrared radiation was more a problem than an advantage, since all digital photography sensors are also sensitive to infrared, which distorts the image unless the unwanted infrared is blocked using filters. Without it infrared light can cause blurring of the RGB image because it is focused differently to visible light. It can interfere with autofocus calculations and can saturate the red channel of the RGB sensor.
 
             
            
              Equipment
 
              Because infrared cameras basically work in the same way as optical ones, you do not need much more equipment to take digital infrared photographs than you would need to make a regular photograph. As stated above, the sensors in a digital camera are already sensitive to infrared light, so only minor adjustments are needed to convert a standard RGB camera into an infrared one. Almost all digital cameras employ infrared blockers to filter out the infrared part of the spectrum, as this would interfere with normal visible light photography. Manufacturers have also introduced infrared blockers to protect privacy, as it was found that some clothing is transparent in infrared light. FujiFilm have produced digital cameras which have no infrared blocking filter but restricts the sale of these cameras to professional users for use in forensic criminology and medicine. Their terms of use specifically prohibiting “unethical photographic conduct”. A special ‘Night Shot’ feature, which slides the internal IR filter off the sensor so images can be taken in the dark, was restricted on Sony cameras for the same reason.
 
              Removing the IR filter from a digital camera will convert it to be sensitive to infrared light. The modification of these cameras usually includes both the removal of the IR filter and the Bayer filter array described above, allowing the camera to acquire monochrome images. A quick internet search reveals many firms who will convert cameras for you. There are also various instruction manuals online to do your own conversion, but it is rather complicated and if you do not entirely know what you are doing it is easy to break your camera. Conversions of this type are probably best left to people with experience; the service is not expensive.
 
              As most optical glasses transmit near-IR up to 2600 nm most standard lenses are suitable for IR imaging. The coating on some lenses causes a reduced transmission in the near IR and only transmits half of the intensity transmitted at 600 nm in the region between 750 and 1000 nm. Advice should be taken from the supplier as to which lens is most appropriate. In general, the resolving power of camera lenses decreases in the infrared, because of increased spherical and chromatic aberrations. Lenses with apochromatic correction have a better IR performance than achromatic ones. All these effects combined with the penetration of IR radiation into the surface of many objects can contribute to the often observed blurring of IR images.
 
              Besides a camera and an appropriate lens, the correct illumination is also required, otherwise there is no infrared radiation to photograph. Often tungsten-halogen lamps are used for illumination. A filter is placed in front of the lens which will block radiation in the UV and visible region (200–700 nm) but allow IR radiation to pass between 700 and 1100 nm, the upper end of the sensitivity of most DSLR camera sensors.
 
              The upper limit of 1100nm of most CCD sensors used in normal digital cameras means that these types of digital cameras are limited to the near infrared (see also Chapter 5). If a region further into the infrared needs to be explored, different sensors must be used. Often these techniques, while very similar to infrared photography, are known under different names. One example was dubbed infrared reflectography (Asperen de Boer 1970, 1974), which captures images using a lead sulphide and later a Vidicon detector. These are different types of sensors which are more sensitive further into the infrared. Many more types are now available, although they are now more often integrated into other systems, such as multi- and hyperspectral imaging (see Chapter 8). The main advantage of imaging this radiation further into the infrared regions is that such higher wavelengths of IR are able to penetrate deeper into the investigated surface (Delaney et al. 2016; Delaney et al. 2009).
 
             
            
              Uses
 
              The main use of infrared imaging is to look for pigments hidden below the visible surface. It has been most extensively used in the study of paintings. Artists often make preliminary sketches with carbon-based inks. This carbon strongly absorbs infrared radiation, giving good contrast with other materials that infrared does not interact with. Increasing surface contrast can be used to study situations where either the ink has faded or been removed, such as with palimpsests, or when the writing surface has darkened, as with carbonized papyrus scrolls (Bülow-Jacobsen 2008). For such papyri, the technique often applied is multispectral imaging, which includes a wide range of imaging techniques, often from UV to infrared imaging (see Chapter 8) However, the best results are obtained by imaging the infrared regions (Chabries, Booras, and Bearman 2003).
 
              In situations where texts where scraped off a surface and the substrate is re-used for a new text, faint traces can often still be seen of this palimpsest text. By enhancing the contrast these traces become much clearer and legible. Many palimpsests can be investigated with infrared radiation, especially if the ink is carbon-based. In practice, many research projects will choose to apply multi- or hyperspectral imaging to these situations, because the data obtained with these techniques will allow for better separation of the old and new text if there are (slight) spectral differences between the two inks (Easton, Christens-Barry, and Knox 2011; Easton, Knox, and Christens-Barry 2003). Nonetheless, a simple digital infrared camera can be very informative and a quick win. For some purposes it may be enough to simply look at the live image on the back of the camera. If there are underdrawings, they may be immediately visible. These can be imaged with the camera for a finished result or be used as indication that other techniques could be used. In this way IR imaging can be seen as a screening method for deciding whether hyperspectral imaging or other more time-consuming and expensive techniques should be carried out. Because IR passes through glass it is even possible to do some remote investigations on objects on display in showcases.
 
              Sometimes underdrawings can be enhanced by combining the IR image with visible images creating false-colour infrared (FCIR, or sometimes termed IRFC) images. The most common FCIR images use the IR image with the green and red channels from the RGB image. In an image manipulation program such as Photoshop® you can combine them by changing the channels to create a new image. FCIR photography filters out blue light, which makes blue objects appear black; shifts green reflected light to blue, red reflected light to green, and IR as red. In the software the green light is registered as false blue, the red light is registered as false green, and the information from the IR image is registered as false red.
 
              IR images of a pigment can give some indication of its identity, as different pigments reflect or absorb IR to different degrees. A pigment such as vermilion appears transparent using IR imaging, whereas malachite and verdigris appear black. Particularly useful is the fact that writing in iron gall ink disappears in IR images, while writing in carbon black remains visible. Pigments that appear the same colour under visible light give a different FCIR colours if the reflection is different in the infrared. For instance, malachite absorbs infrared, red, and blue light. Therefore, only its green component contributes to the FCIR image, providing a final blue FCIR colour for malachite. Viridian reflects infrared so its FCIR is the addition of the red and blue channels making it appear purple. Caution has to be taken, as the false colours are indicative rather than conclusive, but FCIR as an imaging technique does offer opportunities for mapping not available with other ‘spot analysis’ techniques.
 
             
            
              Pitfalls
 
              All the pitfalls discussed above for digital imaging apply to infrared imaging as well. The way that infrared radiation moves through a medium actually makes issues like distortion much greater, because it is of a different wavelength. Because it moves differently through a lens and penetrates to deeper layers of a surface, focusing an IR image can be quite difficult. If you look through the viewfinder of an ordinary camera and focus on a surface, it will not be in focus in the infrared region. Obviously, in a camera that is completely converted to infrared you will not see anything through the viewfinder, as your eyes cannot see the infrared that is being passed through. When imaging subsurface features at an unknown depth, you may need to correct the focus on a trial and error basis. Luckily the digital cameras allow you to check the image instantaneously.
 
              A general point of concern for infrared photography of any heritage material will be the use of a light source that intentionally produces heat, and so is intentionally raising the temperature of an object. There is no clear-cut and simple threshold of how much heat is safe for an object, for this very much depends on the thermal properties of the object in question and its general condition. Thermal variation is especially dangerous to objects that are composed of materials with different thermal properties. If one layer expands more than the other because it heats up, something needs to give. This often results in cracks and/or delamination. You also need to keep in mind that the total heat absorbed by the object is dependent not just on the intensity of the light source, but also on the time it is exposed to it. With normal photography of a manuscript, only the pages of the photographed opening receive light and the other pages are quite safe. With infrared, however, the radiation penetrates much deeper and the entire manuscript receives thermal energy while the beam is on. If an extended period of investigation is truly required, you will have to monitor this and if necessary come up with cooling solutions. One option is to do the work in intervals, allowing the object to cool down in between. However, the repeated heating and cooling may be even more detrimental for some objects. These are considerations that require serious thought on the part of the curators and keepers of the object under investigation and will have to be considered for each object individually.
 
             
           
          
            4.3 Ultraviolet photography
 
            The infrared radiation just discussed sits beyond the red of the visible spectrum, while UV sits beyond the blue. Ultraviolet radiation is radiation with wavelengths between 10 and 400nm and is orders of magnitude more destructive than visible light. Four distinct types of UV radiation can be categorized. The furthest away from visible light and closest to the domain of the X-rays at wavelengths from 10nm to 200nm a region of the UV called vacuum UV can be found, so called because it is absorbed by air and therefore needs a vacuum to be used in any scientific investigation. This area is of no use to the study of library materials. The far or short-wave part of UV radiation is used to sterilize medical equipment as it efficiently kills microbes. Middle UV, at wavelengths of 280–320 nm, is what gives us sunburn. The near UV, between 320 and 400nm, may cause bleaching by breaking up the chemicals that cause colour. Because ultraviolet radiation is so destructive to many materials it is generally omitted from reading rooms and display areas as a major contribution to preventive conservation. Luckily, the wavelengths between 10 to 200 nm are already absorbed by air and the wavelengths between 200 and 320 nm are blocked by window glass. But the UV between 320 and 400 nm is still extremely harmful, especially to organic material, and needs to be blocked. This is achieved at no little expense by placing ultraviolet blocking film on windows and light sources. This is not a one-off action as the film starts to break down after 5–10 years and has to be replaced.
 
            
              Background
 
              It is perhaps surprising then that one of the pieces of equipment that has been used in libraries for perhaps the longest time is the ultraviolet lamp. When readers think they can see faint traces of what they think are text or other details such as underdrawings in an object they would, and indeed still do, ask to see the object under ultraviolet (UV) radiation. The object and reader are taken to a room where it is possible to use a UV lamp safely, complying with health and safety regulations. UV light is not only dangerous to objects but also for people’s eyesight, and for that reason UV filtering goggles need to be worn. Our eyes do not detect UV, so what can be inspected is the fluorescence, i.e., the light emitted by the surface because it has absorbed UV and now emits visible light. Such fluorescence is faint, so the room needs to be completely dark. This obviously would not be possible for people using the reading rooms. Quite often details are observed and recorded by handwritten diagrams and notes. The amount of time spent subjecting the object to ultraviolet light is generally limited to just a few minutes to protect both the reader and object. UV illumination is used for photographic investigations of library material in two different ways: reflected UV photography and more the more commonly used UV fluorescence imaging.
 
             
            
              Equipment
 
              The difference between UV reflectance imaging and UV fluorescence imaging is simple, though it has a direct relation to the equipment that is required. In reflectance imaging, you investigate the radiation of the same wavelength as the light source used. You therefore need a camera that is able to record UV radiation. In fluorescence imaging you investigate the radiation that comes of the surface at a different wavelength. Usually that fluorescence is visible light, so you need only a regular camera. Next to the camera, a second important part of UV imaging equipment is the filters. For UV reflectance photography a filter needs to be placed in front of the lens, allowing only UV light of the imaged wavelength through. In the case of fluorescence imaging, it needs to block out the UV light.
 
              The same kind of ultraviolet lamp can be used for imaging as was used for simple visual observation as described above. A lamp with a low power output is recommended (Feller 1995) and the exposure time is limited to a few seconds. In conservation studios the normal practice is to use UV fluorescent tubes. They are cheap and can be mounted on standard fittings for normal visible-light fluorescent tubes. The material that the fitting is made of should be checked, to make sure that it is not UV fluorescent itself, as this would distort the image. Illumination from sources that use mercury lamps which emit UV at 365 nm work well for most material to produce visible fluorescence. Lamps emitting at UV at 254 nm can also cause fluorescence, often of different materials, and have also been used. These lamps must be used with extreme caution however, since this UV range is dangerous for the eyes and skin. Illumination with a 254 nm UV lamp produces more and different fluorescence than the 365 nm UV lamp, and this technique allows this to be imaged. More recently, UV LED’s have been developed and LED lamps at 365 to 390 nm have been used on manuscripts to good effect. Some of the newer LEDs have the benefit of emitting a very narrow UV band and not emitting any blue light, so these do not require filtering, they do not require a warm up time to stabilize, they do not get hot, and they are lighter and more robust than mercury lamps. As with fluorescence, illumination from sources that use mercury lamps or LEDs which emit UV at 365 nm work with most cameras used for reflected UV photography.
 
              The material that lenses are made from requires special consideration for reflectance imaging of UV in the farther regions. As was noted above, UV radiation between 200 and 320 nm is absorbed by regular glass. This means that regular glass lenses cannot be used and must be replaced by quartz or fluorite lenses (Mairinger 2000).
 
             
            
              Uses of UV photography
 
              The main use of UV fluorescence photography is for revealing faint or hidden texts. It was noted above that carbon-based inks can be revealed by study under infrared light. The same works for iron-based inks under UV. The UV is absorbed by the iron inks, while the paper or parchment on which it is written reflects and scatters it. This causes the ink to become much more clearly visible. This is a very useful technique, since iron-gall inks have a strong tendency to visibly fade over time, yet still absorb UV radiation. It can only be an indicative and qualitative technique for pigment identification. However, it is quick and can indicate whether further analysis is required.
 
              UV fluorescence has been used for the identification, characterization, condition assessment, and treatment of objects. It is particularly useful for organic materials such as plastics, coatings, and adhesives. Its main use has been for helping increase the contrast between parchment and iron-gall ink. Parchment as it ages moves from a creamy light colour to a darker brown shade. Iron-gall ink moves from black to brown as it ages. Therefore what started as well contrasting black and off-white converge in colour to brown. Illuminating the page with UV light causes the collagen in the parchment to fluoresce with a faint blue glow, while iron-gall ink does not fluoresce and appears as a dark black. In this way text can be read more easily read and recorded. UV fluorescence photography is a way of recording the image that results from such UV illumination. Because fluorescence caused by UV excitation is usually in the visible range, 420 to 460 nm, photographic imaging using standard photographic equipment is possible. The only challenge is that the UV lamps sometimes also emit some visible blue light which can interfere with the colour of the fluorescence and has to be filtered out at the light source. It is also true that fluorescence tends to be very faint and difficult to image, so it needs to be carried out in a darkened room.
 
              The overview of fluorescence colours of widely used pigments given by Mairinger (2000), shows how UV fluorescence can help distinguish different types of pigments of a similar colour. For example, Prussian blue has no fluorescence, while cobalt blue emits a red fluorescence and azurite a dark blue one. The green viridian has a bright red fluorescence, while green earth has a bright blue one. Likewise, some organic dyes and lakes have very distinct UV fluorescence (Zetina et al. 2008). Ultraviolet reflection photography tends not to reveal as much information as UV fluorescence photography, since the characteristic fluorescences are mostly outside of the UV range. Its main use has been to identify white pigments like titanium white and zinc white, which absorb UV and thus appear very dark in comparison to other white pigments, such as lead white and lithopone, which appear bright. These various applications of UV imaging mean that it is, as is the case with IR imaging, often incorporated in multispectral imaging systems (see Chapter 8).
 
             
            
              Pitfalls
 
              As with infrared imaging, the basic pitfalls that are valid for digital imaging in the visible range apply here as well. Besides these there are more complications associated with imaging using reflected UV radiation. Like IR imaging, the chromatic aberrations of camera lenses are not corrected for UV but for visible light. As noted above, optical glasses tend to have low transmission for wavelengths shorter than 335–360 nm. In the UV region the focal length is somewhat shorter than the visible region. Focusing is carried out using visible light, which means that the UV image may be slightly blurred. Increasing the depth of field of view by stopping down the lens aperture can help to compensate for this.
 
              Complications can sometimes come from the antireflection coating and the cement of modern lenses, some of which strongly fluoresce when irradiated by UV. This causes glare that impairs the visibility and the contrast of the image. The antireflection coating on the lens surface appears slightly coloured; lenses with blue/purple reflections are said to cause less fluorescence than other colours. Older lenses often perform better as they do not have optical fluorescent plastic components or antireflective lens coatings (Mairinger 2000). Whatever the lens, dust particles can also cause fluorescence, so that the lens needs to be cleaned carefully.
 
             
           
          
            4.4 Imaging or spectroscopy?
 
            In the next chapter we will be dealing with spectroscopy. As will become clear, there is much overlap between visible, infrared, and UV imaging, and spectroscopic techniques in these areas. These techniques can work beautifully together and are complementary. This is because the questions they answer are fundamentally different. While both are concerned with the different properties of materials, imaging separates them visually on a surface, while spectroscopy gives more detailed information on a single point measurement. Both of these capabilities are combined in multi- or hyperspectral imaging, but the process is generally quite long. Because of their quick and broad view results the three types of imaging discussed in this chapter remain highly relevant in modern investigation.
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          There is a range of techniques which can be captured under the term ‘spectroscopy’. What all these techniques have in common is that a form of electromagnetic radiation is allowed to interact with a point on the surface of an investigated object. The electromagnetic radiation scattered and reflected by the sample is recorded, and comparing the spectral profiles of the incident and scattered radiation allows you to understand how the material under investigation absorbed and scattered the radiation; this can be diagnostic of its chemical composition. The visual representation of this absorption or the transmittance of each wavelength of the studied radiation in a graph is called a spectrum (Figure 5.1).
 
          
            [image: ]
              Figure 5.1: Fourier Transform Infrared spectrum of polystyrene reference (© Bodleian Libraries, University of Oxford).

           
          Comparison of the general shape and the individual peaks and dips of spectra allows the separation of different substances and, if characteristic enough, their identification. The spectra in Figure 5.1 show an important factor that needs to be taken into account. When substances are mixed, such as in these applications of (partially transparent) blue pigment on parchment, spectra are mixed as well. As a result, a fair amount of knowledge and familiarity is needed for the interpretation of spectra. The three techniques described in this chapter use and measure electromagnetic radiation at different wavelengths. Different substances react differently when exposed to these types of radiation. Many substances only interact with the radiation of one of these techniques and do give a characteristic response when investigated with others. In this way these techniques complement each other very well.
 
          
            5.1 UV-vis-NIR reflectance spectroscopy
 
            This technique comes closest to the functioning of our own eyes. UV-vis-NIR refers to the range of electromagnetic radiation in and around the visible spectrum. It employs the same wavelengths as the imaging techniques of the previous chapter, where it was shown how UV, visible light, and infrared interact in their own characteristic ways with materials. Usually in imaging applications a wide range of wavelengths is captured all at once to create a single image. UV-vis-NIR reflectance spectroscopy looks at the spectral profiles of the reflected light in much more detail. It is becoming an increasingly widespread tool for the non-invasive analysis of cultural heritage objects, especially in its variant with optical fibres, commonly dubbed FORS (Fibre Optic Reflectance Spectroscopy). Its various applications in the field of cultural heritage have recently been summarised in a background paper published by the Analytical Methods Committee of the Royal Society of Chemistry (AMC 2016).
 
            
              Background
 
              The study of the interaction between light and paint goes back to the late nineteenth century (Russell and de Wiveslie Abney 1888). In the 1930s more systematic colour measurements began to be made (Rawlins 1936, 1937). Another early example of systematic application of reflectance spectrophotometry to the study of artworks dates back to the late 1930s, when researchers at the Fogg Museum in Harvard characterized the colour of a set of specially prepared reference panels with different pigments (Barnes 1939). Beginning in the late 1970s, fibre optics were first introduced in this method and used to monitor colour changes and to identify pigments on painted surfaces (Bacci, Cappellini, and Carla 1987).
 
              Reflectance spectroscopy is a technique which measures the fraction of incident light reflected or scattered by an object as a function of wavelength, which in turn informs us about what colours of light the sample has absorbed. This leads on to inform the spectroscopist about the materials being examined. Light is shone onto the area of the sample under study. Some of the incident light is reflected from the surface as a specular reflection, that is, where the surface has behaved as a mirror. Another part of the light penetrates the surface and is scattered many times within the surface layers of the sample before it emerges from the sample at all angles. During the scattering within the surface, some colours are absorbed by interaction with the material. Because of this effect, this diffusely scattered light carries information about the absorption and scattering properties of the sample. In its simplest form this diffuse scatter is recorded by illuminating the surface with white light, a broad continuum of light across the spectrum. The diffuse scatter is collected by optics aligned specifically to avoid the collection of any specular reflections and its spectral profile is analysed by a spectrometer. For a given wavelength (λ), this gives the intensity as a function of wavelength, I(λ). This spectrum is compared to that obtained from a standard white material, the most commonly used being a block of Spectralon ® which shows a high degree of scattering across the visible spectrum. Thus, the reflectance of light of wavelength λ, R(λ), is defined as R(λ) = Isample(λ) / Ireference(λ). The reflectance spectrum itself is often given as R(λ), log(1/R), or as the Kubelka-Munk function F(R). The Kubelka-Munk function is a mathematical function that enables reflectance spectra to be compared directly with transmission spectra. It takes into account different intensities of peaks caused by variations in reflectivity and absorption, which are not a factor in transmission but are in reflectance.
 
              The instrumentation required to record UV-vis-NIR spectra can be very simple, small and relatively low-cost,1 making it an ideal technique for preliminary studies. The nature of the equipment also makes it portable, allowing in situ measurements to be made. Finally, the fact that its application does not require contact with the object studied makes it especially useful for the investigation of objects which may be difficult to transport due to their fragility or high insurance costs, and for which sampling is not commonly allowed by current conservation standards. As such, it is an ideal analytical method for the study of, for example, medieval manuscripts and other types of unique and fragile library materials.
 
              Qualitative interpretation of FORS spectra is relatively easy, although the identification of individual components of complex mixtures can be extremely challenging due to overlapping of bands and the presence of several absorptions from the same functional group. Mathematical models based on the Kubelka-Munk theory of reflectance or radiative energy transfer within a scattering sample can be used to try and separate the contribution of each component to the overall spectrum, although this gives mixed results, due in part to the limitations of this theory to deal with finite layers of materials.
 
              Quantitative information may be hard to extract from the spectra, especially when a fixed set-up cannot be used due to the shape of the object being analysed. If the surface is very uneven, the probe head needs to be moved, causing differences in relative illumination and collection conditions and thus issues of comparability for quantitative analysis. Mathematical and statistical methods, for example taking the first or second derivative of spectra, or more complex mathematical analyses such as principal component analysis, PCA (see Chapter 8), can be used to further explore the variability of the spectra and improve spectral classification, and consequently the identification of specific materials.
 
              Although modelling of the reflectance spectrum is theoretically possible given enough knowledge of the optical properties of a sample, usually artists’ materials are identified by reference to spectral databases, either available in the literature or built in-house to suit the specific requirements of the individual researcher (e.g. pigments painted on paper or parchment support). Each reference sample is characterized by specific spectral features, such as the position of absorption bands and transition edges, which can be used to identify unknown materials with matching features.
 
             
            
              Equipment
 
              For UV-vis-NIR spectroscopy the following things are required: an illuminant, something that allows the selection of a particular wavelength, and a detector.
 
              The illuminant is usually a light source which emits a light over a broad range of wavelengths. For spectroscopy this broad spectral window needs to be separated into its constituent wavelengths. There are two ways to achieve this. One method is to split the emitted light and use only part, a narrow waveband, of the light. In this case a monochromator needs to be fitted between the light source and the sample under investigation.
 
              More commonly the monochromator is used to split the light reflected from sample and is located between the sample and the sensor.
 
              A monochromator is a device that contains a diffraction grating and a slit. The diffraction grating performs in a similar fashion to a prism in that it splits the broadband beam into its constituent wavelengths. A diffraction grating is a plate on which a series of asymmetrical grooves have been created. The light hits the grating and is split and reflected at different angles depending on the wavelength.
 
              A slit is placed in the path of the desired reflected beam so that only monochrome light leaves the monochromator. The advantage of this setup is that by moving the slit, any wavelength of the total included spectral window can be selected and used. The properties of the monochromator are usually expressed as a value for the slit size (in μm) and the number of grooves or lines per millimetre. The slit size dictates the amount of light that is allowed to pass through. A large slit size means more light, but also a wider waveband. This may be important if spectral resolution is important. A smaller slit size will give narrower wavebands but also lower light levels. This can result in lower signal-to-noise ratios so the slit size needs to be carefully balanced to optimise waveband width and light levels. The number of grooves in the diffraction grating determines how much the light is broken up, with higher numbers of grooves per mm meaning a larger diffraction (Pollard, Batt, Stern, and Young 2007, 75). Again, the more split up the light is the lower the light level at any particular waveband.
 
              Light sources do not produce an even amount of light across all wavelengths. For instance a tungsten light has a different ‘colour’ to daylight. To compensate for these spectral differences a reference material is necessary. A reference measurement needs to be taken on a high-scattering reference material. Typically a sample of Spectralon®, a proprietary material based upon sintered PTFE, is used for this purpose. This shows a high degree of diffuse reflectance across the visible and NIR spectrum. It has minor bands in the short-wave infrared (SWIR) region of the spectrum but these are known and can be compensated for. Because the spectral characteristics of this material are well known, it can function as a baseline to calibrate the measurements on the sample.
 
              In modern instrumentation optical spectra are usually recorded using a combined spectrograph and CCD or CMOS camera detector. Wavelengths in the UV-NIR range, 300–1100 nm, are readily detected using a silicon CCD camera, and low-cost spectrograph/CCD systems are now available from a range of manufacturers. Using these systems, spectra can be recorded in less than one second using less than 1000 lux illumination (Beeby et al. 2018).
 
              CCDs are the same type of detectors we encountered in Chapter 4 on digital photography.
 
              Cameras using InGaAs (indium gallium arsenide) sensors provide coverage of the NIR and SWIR spectral range. These cameras are less commonly used and are significantly more costly than the silicon counterparts, but InGaAs-CCD-spectrograph combinations that operate at up to 2500 nm are commercially available. A major disadvantage of these is that they also suffer from significantly greater thermal noise than the silicon systems, despite the use of thermoelectric coolers. NIR/SWIR spectra can also be recorded using Fourier Transform (FT) spectrometers: these record spectra using different principles to the CCD-spectrograph and benefit from using a (cheaper) single-point detector and offer significant performance benefits.
 
              Any spectrometer should be positioned in such a way that it does not record specular reflection, that is, light reflected from a surface without interacting with the material. The reflected light will be exactly the same as the incident light. Specular reflection occurs when the surface acts as a mirror and is most pronounced when the light is incident, i.e., perpendicular to the surface. To minimize this effect the light and/or sensor are pointed at an angle to the surface, usually at 45°.
 
              Getting the light to fall in the right location and at the right angle on a surface for analysis can be logistically difficult to achieve, as light travels in straight lines. Fibre optics have made this a lot easier, as light simply follows the fibres and these can be bent and positioned to reach any desired area. In most designs a single bundle of fibres is used to both illuminate and detect the reflection. This has the disadvantage that specular reflection can be detected. By definition the incident and reflected light are pointing from the same direction. Any contribution from scattered ambient light should be eliminated by carrying out the analysis in a darkened room. If this is not possible then its contribution needs to be taken into account when calculating the spectra. Bacci et al. (1987, 132–33) have reported a design in which the fibres were enclosed in a ‘cup’ that rests on the surface of the manuscript and prevents external light from entering. When studying extremely fragile objects such as manuscripts it would be prudent to ensure that the probe is held in such a way that it cannot come into contact with the surface of the page. Where the optical design of probes requires short working distances (e.g., the MOLAB network of mobile art investigation laboratories specifies a working distance of 6 mm)2 (Vagnini et al. 2009), careful mounting and manipulation of the probe must be ensured to protect the manuscript from accidental contact. In this case the cup design would not work, since the angles of the fibres illuminating and collecting the data are oriented in such a way that they only aim at the same spot if the cup touches the surface. Separate fibre bundles for illumination and detection allow for a much wider range of working distances. The downside of this, however, is that variation in working distance severely hampers the comparability of measurements, as the intensity of the measured reflection will be lower the further you are away from the surface.
 
              A wide variety of probe assemblies and designs have been reported as being used for heritage science work and the choice of probe requires careful consideration in order to provide high-quality spectra with minimal risk to the sample. A common probe design comprises a bifurcated bundle of fibres that terminate in a single probe head. Some of the fibres are used to illuminate the area, whereas the others collect the reflected light and are coupled to the spectrometer. The output from the optical fibres is divergent, typically with a numerical aperture of 0.22, or more, meaning that the probe needs to be in close proximity, < 6 mm, to the surface in order to interrogate a small area and to collect a reasonable solid angle of the scattered light. Alternatively, a bifurcated fibre bundle may be employed, comprising of many individual fibres half of which form the excitation source and the other half the collection bundle. Such probes offer a high throughput but still need to be in close proximity to the page. A significant drawback of all of these approaches is that unless the distance between the fibre probe and the sample is kept exactly constant the signal intensity changes dramatically, resulting in erroneous reflectance data being recorded. To this end some workers have made holders that rest in contact with the page to ensure a constant distance, or more complex means of ensuring this constant distance is maintained. A secondary feature of this type of probe is the close proximity which the probe has to be held to the surface, giving the potential for accidental contact or damage.
 
              Other probes illuminate the surface by the output of a single fibre, with the reflected light collected by a separate fibre. The two fibres are held in a fixed configuration at a pre-defined angle by a rigid holder so as to prevent specular reflections. Such a probe may also employ collimating lenses, but again, in order to provide spatial overlap of the two optical paths and for optimum collection efficiency, the probe has to be almost in contact with the sample surface.
 
              A team based at Durham University headed by Andrew Beeby, who have styled themselves ‘Team Pigment’, have developed a FORS probe based upon two excitation fibres, held at approximately 45° to the surface, normal with (perpendicular to) a central collection fibre. Each fibre has an adjustable collimating lens allowing the overlap of the two excitation beams at the same point as the focus of the collection optics and fibre. This triangulation allows a significant ‘stand-off’ for the assembly from the surface under investigation and provides a clear indication of when the sample is in focus, as the two excitation beams overlap at this point.
 
              Most FORS systems employ an incandescent tungsten or tungsten-halogen lamp which generates a broad-band spectral output from the near UV to the SWIR. This light is transferred to and from the sampled area using silica fibres which provide good transmission from the UV to ca 2600 nm, above which the silica fibres absorb. The use of high-OH silica gives more efficient transmission of the UV spectrum at the expense of attenuation in the NIR/SWIR, whilst low-OH silica provides enhanced NIR/SWIR performance with some degradation of the UV component.
 
              When selecting equipment for spectral analysis there are, therefore, three main variables that need to be taken into account. First is the type of probe head that is used and whether or not this needs to, and is allowed to be, in contact with the investigated surface. The second is the spectral range at which the measurements need to be taken. This is directly related to the information that is sought, as will be made clear below. The third is the spectral resolution, i.e., how finely detailed this resultant spectra will be. Higher spectral resolution means more detail, but in general also costlier equipment and longer acquisition times.
 
             
            
              Uses
 
              During the last 20 years, with the advent of fibre-based instruments, cultural heritage applications of UV-vis-NIR reflectance spectrophotometry have grown exponentially: FORS is quickly becoming one of the most widely used analytical tools for the non-invasive analysis of works of art and the identification of artists’ materials. FORS has the advantage of being completely non-invasive and very quick – a good-quality spectrum can be obtained in seconds, and viewed in real time, allowing for extensive surveys of individual artworks or entire collections in a relatively short time. Fibre-based instruments do not set any limitation to the size and shape of the objects one can analyse using this method, and the low loss of light in these fibres allows distances of many metres between the lamp/spectrometer and the probe head/sample. However, the use of optical fibres and associated collimating lens usually limits the spatial resolution of the analysis to an area of 1–3 mm in diameter. Although FORS is generally considered to be a ‘surface analysis’ technique, best suited, for example, for the analysis of outer paint layers, the NIR spectral features usually do give information on the nature of the substrate. FORS spectra can also be used effectively to calibrate multi- and hyper-spectral reflectance image cubes (see Chapter 8).
 
              Sturdy, portable equipment with extended sensitivity in the short-wave IR range (up to 2500 nm), developed in recent years for remote-sensing applications, has now been adopted by the cultural heritage community and is increasingly preferred to the previously available spectrophotometers, which were usually limited to the UV-visible-NIR range or just beyond (approximately 300 to 1100 nm). The possibility of probing an extended spectral range means that a great deal of information can be gained not only about electronic transitions within the pigments but also about the vibrational spectrum whose overtones and combination bands can be observed in the NIR/SWIR region. Often these bands can be used in combination with mathematical analyses, e.g., principal component analysis, to extract data not easily distinguished by eye. The availability of this additional knowledge expands the range of artists’ materials that can be reliably identified using this method, for example the differentiation of binders. Some general comments can be made on the suitability of FORS for the study of different types of materials which might be found in libraries:
 
              
                	 
                  pigments: FORS is especially useful for the identification of blue, green, white and red pigments. FORS spectra of most yellow and black pigments are not characteristic enough to allow identification, except at times within a broad category (e.g., iron oxides and hydroxides, or carbon-based black pigments) (Aceto et al. 2014; Cosentino 2014; Picollo et al. 2011).


                	 
                  binding media: these can also usually be broadly categorized into animal products (skin, bone, fish glue) and synthetic polymers, resins etc.(Dooley et al. 2013; Jurado-López and de Castro 2004; Rosi et al.2016; Vagnini et al. 2009), although complications can arise when their spectral features overlap with those of the support, as is the case especially for parchment.


                	 
                  support materials: paper and parchment can be easily differentiated when doubts exist, and FORS can be used alongside other analytical tools to study their degradation mechanisms (Badea et al. 2008; Strlič et al. 2008). The characterization of parchment and the study of its decay has even allowed a manuscript to be dated more securely (Možir et al. 2011).


                	 
                  other materials: FORS allows distinction between different types of textile fibres such as wool, cotton, bast (e.g., linen or hemp) and especially silk (Richardson et al. 2008). This can be useful to characterize certain aspects of library materials, such as book bindings or the textile ‘covers’ often found protecting illustrations, especially in near-Eastern and Tibetan manuscripts. Most research using FORS on textile fibres is concerned with identification of dyes (Angelini et al. 2010; de Ferri et al. 2018; Maynez-Rojas, Casanova-González, and Ruvalcaba-Sil 2017).


              
 
              FORS is most often used in combination with other imaging and spectroscopic methods, for it often allows the characterization of some, but not all materials. Its strength is in its versatility and speed of capture, so that it is a technique that easily combines with others. Because of this, FORS is often used as one of the very first steps in analytical protocols set up to study books and manuscripts (Aceto et al. 2012).
 
             
            
              Pitfalls
 
              Since this technique is based on shining light on an object, it is worth considering the impact of the light dosage on the sample. The total light dose to which a sample is subjected during a measurement can be estimated from the product of the light intensity at the sample and the time taken for the measurement. In a typical experiment using modern instrumentation, the light dose experienced by the sample during the measurement can be as low as 0.1 lux-hours,3 which can be regarded as insignificant. By comparison, a manuscript on display in an exhibition may be subject to a light level of 50 lux for many hours each day, giving an equivalent to approximately 2000 lux-hours per week of exhibition. Users should ensure that the light shone upon the sample does not contain extraneous radiation that is not needed for the experiment. For example, an unfiltered tungsten lamp irradiating the sample with 0.5 mW/cm−2 of visible light can also contribute an additional 6.5 mW/cm−2 of NIR radiation in the range 700–2500 nm, which can lead to inadvertent sample heating (Beeby et al. 2018). Tests have demonstrated that light doses of 100 mW/cm−2 can readily be reached using even apparently low-power lamps, and that such a power density leads to localized heating of a manuscripts with temperature rises of > 20° C observed within seconds of exposure (Beeby, unpublished data).
 
             
           
          
            5.2 Infrared spectroscopy
 
            Although the spectra measured by the absorption of visible light can give some information about an object’s materiality, as described in the previous section, there is much more detailed chemical-specific information to be obtained in spectra using the infrared region of the electromagnetic spectrum. In the same way that the different parts of the visible spectrum lead to colouring of materials, different portions of the infrared spectrum are also absorbed and reflected, giving rise to an infrared spectrum. As the eye is insensitive to IR radiation special detectors must be used to measure these differences.
 
            Infrared (IR) spectroscopy is one of the most widely used analytical techniques for chemical analysis generally and in heritage science specifically. It is incredibly versatile and powerful, allowing samples to be investigated without any preparation and in a non-destructive manner. IR spectroscopy can differentiate and aid the identification of a wide range of materials found in heritage collections, permitting the identification and structural analysis of a variety of substances, including both organic and inorganic compounds. It can also be used for both qualitative and quantitative analysis of complex mixtures of similar compounds.
 
            The technique of infrared spectroscopy is especially useful in situations where samples can be taken. It is only relatively recently that results have been reported by taking direct measurements on library objects, and the application of the technique in this way still presents many challenges. Happily, the technique offers many opportunities for future improvement: ease of use, intelligent design and the affordability of equipment are all areas in which advancements are being made.
 
            
              Background
 
              The earliest infrared spectrometer, the dispersive infrared spectrometer, emerged in the 1940s. This design helped to spread the use of infrared spectroscopy as a common analytical technique for the characterization of organic compounds in laboratories. This type of infrared spectrometer was still in use in a heritage laboratory at Hampton Court Palace up to the 1990s. It serves as an example here, as it is very easy to explain how it works even though they are rarely found still in use today. A beam of infrared radiation is passed through a sample and a spectrometer measures the transmitted radiation at each wavelength in sequence to produce an infrared spectrum. This is done by starting at low wavenumbers and slowly scanning through the whole spectrum, with the spectrum being produced ‘live’ on a paper chart recorder or computer. Dispersive infrared instruments are sometimes called grating or scanning spectrometers. The source energy is sent through both a sample and a reference path, through a chopper to modulate the energy reaching the detector and directed to a diffraction grating. This grating is similar to a prism, separating the wavelengths of radiation in the spectral range, and directs each wavelength individually through a slit to the detector. A single narrow band of wavelengths is measured one at a time, with the slit width dictating the spectral bandwidth and the grating moving to select the wavelength being measured.
 
              The best quality spectra were produced by grinding up a sample in an infrared transparent salt, such as potassium bromide, which is then pressed into a disc. Since water absorbs a lot of infrared radiation it is very important that the salt is kept dry in a desiccator. Despite the excellent quality of spectra obtained this way there are two obvious disadvantages. Firstly, a sample has to be taken. Secondly, the sample is very difficult to recover from the potassium bromide disk, meaning that often it cannot be used for further analysis. A less obvious disadvantage is that the production of good-quality discs is difficult and time-consuming. Over the past two or three decades dispersive IR spectrometers have been almost completely replaced by Fourier Transform IR spectrometers.
 
              Fourier transform infrared (FTIR) spectrometers were developed for commercial use in the 1960s, but they were expensive and required complex optical components and large computers to run them. Technological advances in both computation and instrumentation have simultaneously reduced the cost and increased the power of an FTIR, so that IR spectroscopy is now more available, easier to use, faster and more accurate. FTIR instruments are now being used for chemical compound identification in many analytical laboratories, including laboratories in museums, libraries and other heritage institutions. Like the dispersive instrument described above, an FTIR instrument also has an IR radiation source and IR (thermal) detector and is capable of producing high-quality IR spectra. The principle of operation is however very different with the theory of FTIR being much more mathematical and hence less intuitive. The improvement of spectral resolution and the lowering of detection limits obtained with FTIR instruments has allowed much more use of this technique for study of cultural heritage materials. In FTIR spectrometers, instead of the spectra being collected by sequentially scanning through each of the wavenumbers, all of the wavenumbers are scanned simultaneously, producing an interferogram. This can then be converted by a mathematical procedure called a Fourier transform into a conventional display of a spectrum such as described for the dispersive instruments. The resulting spectrum is thus the same, but the FTIR is much quicker and efficient.
 
              The underlying physics of all types of IR spectroscopy is the same. IR spectroscopy detects the vibrational motion of the atoms within a molecule which in turn depends upon the atoms present in a substance and the nature of the bonds connecting them. The IR spectrum can be used to either provide a characteristic fingerprint of a substance or to provide clues as to the chemical groups, or functional groups, within a molecule. The measurement itself revolves around the absorption of infrared radiation by the substance. The reason that IR spectroscopy is such a useful diagnostic method lies in the way in which IR radiation interacts with molecules. From a chemical perspective all molecules are made up of chemical bonds made between individual atoms, molecules are constantly vibrating with movements of the bonds between its constituent atoms. These vibrations distort the shape (structure) of the molecule in various ways. This includes the bonds between the atoms stretching, bending, scissoring, rocking, wagging and twisting (for a complete introduction see Callister and Rethwisch 2007). The frequency of these vibrations corresponds to the frequencies of the infrared radiation. When radiation of exactly the same frequency is shone upon the sample, the light can interact with the molecules and transfer its energy to the molecule: the radiation is absorbed and its energy transferred to the molecule. By shining a broad spectrum of infrared radiation on a material the specific molecular vibrations will cause specific frequencies equivalent to the energy of the vibrations to be absorbed. The number of degrees of freedom of even very simple molecules leads to a number of vibrational movements and in turn complex spectra, due to the large number of possible vibrations and combinations of vibrations.
 
              Because of their different energies, each part of the infrared spectrum interacts with different bonds. The infrared spectrum spans wavelengths from ca 700 nm to 1,000,000 nm, i.e., 1 millimetre (mm). This is a huge range of wavelengths, and for convenience the infrared spectrum is arbitrarily divided into five main regions. The region between visible and mid-infrared is divided into Near IR (NIR) 750–1,400 nm, Short Wave Infrared (SWIR) 1,400–3,000 nm, mid-infrared (MIR) 2,500–8,000 nm, Long Wave IR 8,000–15,000 nm, and Far IR, 15,000–1,000,000 nm. All of these regions, but especially MIR and increasingly the NIR and SWIR, are being used for spectroscopy for specific purposes.
 
              The MIR region is most commonly used by chemists, as absorption spectra within this region exhibit a large number of sharp characteristic bands compared with those encountered in the visible and or other infrared regions. These can often be attributed to specific molecular features of the material being examined. This very specific information allows us to identify the chemical and in some cases the condition or state of degradation of the object. IR spectroscopists usually use the unit of wavenumber rather than wavelength or frequency to characterize the radiation absorbed by a molecule. The wavenumber is the reciprocal of wavelength and represents the number of cycles or waves in a given length. In IR spectroscopy the unit of wavenumber is the reciprocal centimetre, 1/cm, usually written cm−1. The most used region of the spectrum for material identification, mid-infrared, corresponds to wavenumbers of 4,000–650 cm−1; an IR spectroscopist would usually say “between 4,000 and 650 reciprocal centimetres”.
 
              A molecule of a large organic substance may contain a number of functional groups, that is ‘building blocks’ for the molecule, such as aromatic rings, carbonyl groups or hydroxyl groups, and these functional groups have characteristic vibrational wavenumbers and have strong, medium or weak intensities according to the group. The infrared absorption bands of most functional groups lie between 4,000 and 1,500 cm−1. For example, hydroxyl groups absorb strongly in a broad band between 3,400 and 3,700 cm−1; amines have medium strength absorbance between 3,300 and 3,350 cm−1, and alkenes absorb weakly to medium in the region 1,640 to 1,680 cm−1.
 
              Carbon-hydrogen (CH) bonds individually absorb quite weakly between 2,800 and 3,000 cm−1, but because there are usually so many of them in nearly all organic molecules, their combined absorption can be quite strong. For the same reason, because nearly every organic molecule will have many CH bonds, this band is not useful for identification. The spectral region between 1,500 and 400 cm−1 is known as the ‘fingerprint region’ and contains unique bands that are characteristic for each individual chemical compound. While in some cases it is possible to assign specific peaks to specific molecular bonds in this region it is usually used to identify an unknown molecule by comparing its absorption peaks to a database of spectra of known materials.
 
              The NIR spectral region covers the range between the visible spectrum, ~700 nm and the mid-IR, conventionally employed to study the vibrational spectrum at about 2,500 nm. NIR spectroscopy is another technique that allows rapid non-contact measurements in reflectance mode, allowing the acquisition of molecular information without sampling. Dating back to the 1960s, the development of near-infrared-based spectrometry using the NIR region (700–2500 nm, equivalent to 13,300 to 4,000 cm−1) has been used in bench and portable systems for analysis of samples in different sciences such as the pharmaceutical, forensic, polymers and foodstuff fields. Combining the use of diffuse reflectance NIR measurements with statistical analysis of the data allows the analysis of a large variety of products with minimal preparation.
 
              The limitation of NIR is that only the functional groups containing N–H, C–H, O–H, C–O, and C–C bonds produce significant vibrational bands in the NIR range, and the observed bands arise from overtones and combination bands. A feature of these bands is that they are generally broader and less well resolved and overlap with one another. For these reasons the information obtained in this range is usually much less specific than that obtained in the mid-infrared region. The lack of spectral features means that the use of statistical multivariate analysis of the data, sometimes referred to as chemometrics, is usually required to extract useful information from spectra. In the field of cultural heritage in situ NIR spectroscopy investigations have been performed for identification of painting materials and the evaluation of the long-term stability of historical papers (see Uses below). An important advantage of NIR is the greater penetration depth of near-IR with respect to mid-IR that makes it possible to characterize binding media or pigments when the media are covered with a layer such as varnish. Mid-IR spectra could be contaminated by the presence of varnish, rendering the binding media and pigment invisible underneath.
 
              Infrared reflectance spectroscopy in the mid-IR region in heritage applications is rarely reported. The optics required to record reflectance spectra include mirrors able to focus the IR radiation onto the page and collect the scattered light. These in turn need the optics to be close to the spectrometer, limiting the access to the sample. The difficulty with currently available equipment is that most spectrometers are large instruments designed to be stationary on a bench with the sample placed a few centimetres away from the sample accessory, and where therefore factors such as size and weight of the equipment are not a problem. With valuable fragile library material it is often necessary to move the equipment to a position where spectra can be taken from a stationary object which needs to be left flat on a bench, perhaps with wedges and other supports to prevent damage. Trying to support a heavy spectrometer in place over a vulnerable object is daunting. However, as spectrometers get smaller, lighter and less expensive this technique may become more widespread.
 
              The range of materials which infrared spectroscopy allows us to characterize chemically is enormous and includes many materials, both organic and inorganic, of interest in library collections. These include minerals, pigments, natural resins, gums and adhesives, organic dyes, oils and fats, proteins as found in parchment, gelatine, isinglass (fish glue), and animal glue, synthetic resins such as cellulose acetate, cellulose nitrate, many acrylic polymers used in conservation treatments, waxes and surfactants (detergents). The spectra of materials that can be identified by infrared spectroscopy are available in a number of databases to allow comparison and identification. The Infrared and Raman Users Group (IRUG) has a database of reference spectra of artists’ and heritage materials. This database has been put together by individuals and institutions in the international cultural heritage community and academia. The IRUG website4 allows the user to search all of the 580 mineral and pigment spectra, 584 organic dyes and pigments spectra, and a total of 2,237 spectra of a huge range of materials that might be found in library collections. The IRUG website will often have several examples of the same material as is the case, for example the spectra of azurite supplied by different institutions produced using different equipment. Each spectrum is accompanied by metadata, information about where the sample came from, the method of analysis, the compound formula, its chemical and/or alternative names and the sample type.
 
              The difficulty of interpreting the reflectance spectra, which can show artefacts due to scattering effects within the sample, due to an phenomenon known as Reststrahlen (‘residual radiation’), means that the spectra obtained using this technique are distorted and are really in the realm of the research chemist. Examples of complexity in using mid-FTIR in reflectance mode is the possibility of so-called matrix effects, where spectral distortions, both in band shape and position, can affect the interpretation of reflection spectra. Reflection mid-FTIR spectroscopy from a complex layered surface will include the collection of both diffuse (from the volume) and specular (from the surface) reflection which will vary depending on the roughness and the optical properties of the surface.
 
              Spectra can be complicated by the absorption of IR radiation by water vapour (4,000–3,400, 2,000–1,300 cm−1) and carbon dioxide (2,340–2,360 cm−1) in the atmosphere. However, the interference from these peaks can be minimized by recording background spectra, which compensates for the levels of these gases and partially eliminates the peaks. For very accurate work experiments can be performed in a controlled ‘dry’ atmosphere.
 
              Most commercial FTIR spectrometers have a lower limit of operation of ca 400 cm−1, imposed by the optical components of the spectrometer. A number of materials that are not active in the mid-infrared region (heavy metal oxides, sulphides, etc.) have absorption bands at very low wavenumbers that can only be observed if the FTIR spectrometer is equipped with suitable optical components and a far-infrared (FIR) detector, allowing collection of spectra in the 650 to 50 cm−1 spectral region. Far infrared spectroscopy has been used experimentally to produce transmission spectra of samples of artist’s inorganic pigments, but due to the need for specialized and expensive instrumentation this spectral region has received little attention.
 
             
            
              Equipment
 
              All IR spectrometers have a radiation source which emits a broad spectral range of IR radiation, usually an inert material heated to about 1,500° C that acts as a ‘black-body’ radiator, and a detector that responds to IR radiation. Any optical components in the path between source, sample and detector need to be made of materials that transmit IR radiation. Normal glass is not a suitable material as it absorbs strongly in the IR region, and instead materials such as rock salt (sodium chloride) and potassium bromide or calcium fluoride are used. These transmit IR radiation within certain optical wavelength ranges or windows. However, many of these materials are hygroscopic (they absorb water, which in turn absorbs IR radiation) and therefore the internal components of the spectrometer need to be kept dry (low relative humidity) and must never be touched or exposed to water.
 
              The FTIR instrument uses a device called a Michelson interferometer to acquire the spectral information. Unlike a dispersive or scanning IR spectrometer, this device can record the full spectrum simultaneously, giving significant speed and sensitivity benefits. The interferometer consists of an IR source, a beam splitter, two mirrors, a laser and a detector. The infrared radiation from the source travels onto a beam splitter, which transmits around 50% of the radiation to a moving mirror, while the other 50% is reflected to a fixed mirror. The two reflected beams then recombine at the beam splitter and the radiation is passed to the sample, where, depending on the sample configuration being used, the light is either transmitted on or is reflected back from the sample, before the overall intensity is detected. As the moving mirror moves back and forth at a constant speed there is a difference in the path lengths of travelled by the light onto the fixed and moving mirror, creating an interference pattern for certain wavelengths. As the mirror moves its full length of travel an interferogram is created from which the spectrum can be obtained by the Fourier transform process. This method allows the rapid acquisition of the full spectrum in a matter of seconds, giving significant advantages over the dispersive experiment.
 
              Because the scans are carried out quickly, several scans may be averaged to increase the signal-to-noise ratio, ultimately giving better quality spectra. For this to be possible the spectrometer requires excellent stability. Modern FTIR instruments permit this by the use of an internal wavelength calibration method based upon a laser. During the measurements the laser beam, typically a HeNe (helium-neon) laser, is simultaneously directed through the interferometer, and the interference pattern of the laser is used as a frequency reference. Also, since the technique is inherently ‘single beam’ a reference or ‘background’ spectrum is also collected with no sample present under similar conditions to those used for the experiment.
 
              The taking of samples is of course is most often avoided in library environments, although it is sometimes more acceptable in museums and other heritage sites. There are, however, other methods for carrying out IR analysis without the need to take a sample at all. These methods of obtaining IR spectra for heritage materials include Attenuated Total Reflectance (ATR) and FTIR microscopy.
 
              ATR microscopy has become a very popular method in IR spectroscopy because it requires no sample preparation and produces spectra approaching the quality of those generated by transmission. An infrared beam is directed onto an optically dense crystal such as a diamond which has a high refractive index. The angle at which it hits the crystal is chosen such that all of the infrared radiation is reflected internally within the crystal. Although the infrared radiation is completely internally reflected, another ‘mirror’ or ‘ghost’ wave, known as an evanescent wave, extends beyond the surface of the crystal. These evanescent waves will have the same frequency as the original infrared waves being internally reflected. Evanescent literally means ‘on the point of vanishing or becoming imperceptible’ or ‘that quickly vanishes or passes away; having no permanence’. This definition is appropriate because the intensity of evanescent waves, unlike other electromagnetic waves, decays exponentially with distance from the interface at which they are formed. This means that evanescent waves only penetrate a few microns (0.5 µm to 2 µm) beyond the crystal surface, making ATR spectroscopy very much a surface-sensitive technique. However, these waves can be utilized for analysis of materials placed in proximity to the interface. If a sample is placed in contact with the crystal, it will interact with the evanescent wave exactly as it would react with the original infrared waves. In the analysis of mixed samples the fact that it is a surface technique may be limiting, but in the heritage science community quite often one is just interested in the surface anyway, as is the case for the analysis of surface coatings and pigments, making this an excellent choice.
 
              In regions of the infrared spectrum where the sample absorbs energy, the evanescent wave will be attenuated or altered. The attenuated energy from each evanescent wave is passed back to the IR beam, which then exits the opposite end of the crystal and is passed to the detector in the IR spectrometer. The system then generates an infrared spectrum. The thinness of the evanescence layer means that there must be good and uniform contact between the sample and the crystal surface. This can be difficult to achieve with large crystals. Examples of infrared internal reflection crystal are diamond, silicon, zinc selenide, germanium and KRS-5 (a mixture of thallium iodide and bromide). The disadvantage of these materials is their softness and the difficulty of cleaning them. This can be overcome by using very small crystals, and modern diamond ATR systems, although more costly, often have a contact area only 2 mm in diameter and offer much greater durability. In addition, a certain amount of pressure is required to make good contact, which is potentially damaging to the object and can present problems due to surface damage as the ATR crystal is pressed into a soft substrate.
 
              A technique which has most increased the utility of mid-IR spectroscopy on library materials is the development of infrared microscopy. The development of FTIR microscopy in the early 1980s was an important innovation for the analysis of small samples. An FTIR microscope is a combination of a FTIR spectrophotometer and an optical microscope. All the optics in the microscope have to be selected or designed to transmit infrared radiation. Typically the light from the FTIR spectrometer, modulated by the Michelson interferometer, is transmitted onto the sample, and the reflected or transmitted light passed on to a detector mounted on the microscope. In this way signal levels are optimized, providing excellent performance and sensitivity.
 
              The IR microscopes are designed for observation in both transmission and reflection modes. A system of dichroic mirrors allows both visible light and IR radiation to pass through the same optical system, permitting one first to observe the region of interest visually and then to record the corresponding IR spectra. The software for data acquisition and processing is usually the same as for conventional FTIR spectroscopy.
 
              Analysis by FTIR microscopy may be accomplished in several ways, depending on the amount and type of sample available, be it powder, fragment or whole object. As in all infrared spectroscopy, transmission gives the best results, but all heritage science objects are usually too thick to allow the transmission of infrared radiation. So transmission methods can generally only be applied to samples which are not an option in most situations.
 
              Many microscopes can also record spectra using a micro-ATR crystal, which works on the principles previously described. The combination of microscope and micro-ATR accessory can produce very good results. However, experience has shown that the ATR crystal can still cause indentations on the surface of the object and as such it is not generally acceptable for inspecting and analysing the surface of collection objects. Microscopes with ATR have been extremely useful in looking at the layered cross-sections of paint samples, for instance. The use of smaller (250 µm) more rounded and softer germanium crystals reduces the problem of indentation, but its use is still generally limited to looking at cross-sections rather than direct analysis of the surface of an object.
 
              Using an infrared microscope in normal reflectance mode can be used and safely produce useful results. But using infrared spectroscopy requires significantly more scientific knowledge and experience and, as described earlier, the spectra are complicated and can be indistinct.
 
              The advantage of infrared microscopy is the safety of the object and the precision of the positioning of the area of interest. The microscope can operate as a normal visible-light microscope to enable the area to be analysed to be located and imaged. Then the optics are changed to allow the IR radiation to pass onto the object and be detected. The disadvantage of the technique is that the energy of the reflected IR is quite low, so that optimal spectra are not really possible. As described above, there are complexities in interpreting spectra. The need for obtaining more detailed spectra must always be weighed against the impact of taking samples.
 
              If analysis has previously been impossible before because of a prohibition on taking samples, the imperfect data made available may be sufficient. On most occasions when one is hoping to identify a material there is already an idea of what the possibilities will be, or a limited range of possibilities. For instance, if you are looking at a blue colourant you might limit yourself to looking at the spectra of ultramarine, indigo, smalt, azurite, and Egyptian blue. If you can identify any features at all in the spectrum of your unknown material these can be compared to the peak positions to those in a range of possible reference materials.
 
              This method may not give an unequivocal identification but will give a better idea of what materials are, which at least is better than using intuition or supposition! Although the databases that are available on the internet are invaluable, it is also useful to develop your own set of reference spectra. This helps reduce any inter-machine variability as you can collect your ‘known’ spectra in exactly the same conditions as your unknowns. It also allows you to practise your skills and build up a reference set of spectra specific to your needs. An obvious starting point would be substrates, the base materials on which texts and images are printed, written, painted or drawn. Examples include different cellulosic and proteinaceous papers and parchments. This could be then expanded to include various coatings commonly found in library collections, and finally the pigments applied to these coatings. The physical samples themselves will also be useful for other analytical techniques such as Raman or hyperspectral imaging.
 
              As with the other microscopy techniques discussed in Chapter 3, one limiting factor is the design and structure of most commercially available instruments. These do not allow easy application to the type of material that scientists in libraries want to analyse. Most often the microscopes are designed to be used with samples on microscope slides, whereas in libraries one wants to look at surfaces of whole objects without taking samples. The space under the lens of most microscopes does not allow for the inspection of anything more than a few centimetres thick and the distance between the lens and the support is often only 10–15 cm, meaning that only the edges of larger objects can be analysed.
 
             
            
              Uses
 
              The Bodleian Libraries house over two million photographic objects, including glass plates, photographic prints and negatives. Much of this material is manufactured from cellulose-derived materials. All cellulosic material can decay, and photographic materials are susceptible. Early film was made using cellulose nitrate which was replaced in the 1950s by cellulose acetate. Both materials were used because of their ability to form thin, flexible plastic transparent films suitable for supporting the gelatin layer containing the photoactive silver halide. An important degradation mechanism for cellulose acetate is the form of decay known as ‘vinegar syndrome’, more properly referred to as acetate film base degradation. Its causes are inherent in the chemical nature of the plastic and its progress very much depends on storage conditions. The symptoms of vinegar syndrome are a pungent vinegar smell (hence the name), followed eventually by shrinkage, embrittlement, and buckling of the gelatin emulsion. Storage in warm and humid conditions greatly accelerates the onset of decay. Once decay begins the film will not last very long because the process increases exponentially. The best way to slow down already active decay and prevent the onset of decay in apparently stable film is to store it in cool, dry conditions.
 
              Cellulose nitrate film was in commercial use until the early 1950s, and was recognised to be a highly flammable or, in sufficient quantity, explosive material; it was replaced by the cellulose acetate plastic ‘safety film’. Nitrate degradation is a slow chemical process that results in the degradation of the cellulose nitrate and is also highly dependent upon the way that the film is stored. Most importantly, as nitrate film decays it becomes increasingly unstable and can spontaneously combust even at relatively low temperatures.
 
              Because of the risk of fire, and also because of its responsibility to preserve these unique archives of material, the Bodleian Libraries decided to invest in an off-site walk-in freezer facility to store all of its known cellulose nitrate film. More recently a low-temperature storage room has been installed within the Bodleian’s Weston Library for the storage of cellulose acetate film. Having made this considerable investment it was important to ensure that as much as possible of the cellulose nitrate film is identified and correctly stored so as to reduce the risk of fire. Traditionally the identification of nitrate versus acetate film is made by either observing the rate at which a small sample burns when exposed to a flame, or by a ‘wet’ chemical test involving the digestion of a small sample, i.e., destructive measures.
 
              Most of the film is identifiable by labels or other indicators of which type of film it is. However, as some film could not be identified the decision was made to differentiate our film stock using scientific analysis, and infrared spectroscopy was an obvious choice. The use of potassium-bromide discs was discounted as we did not wish to take samples, nor commit to the length of time required for sample preparation. Most of the film stock in question is photographic negative material which is by definition transparent, so the first ‘experiments’ and trials were carried out in transmission mode, with the infrared light being shone through the film. Unfortunately, we found that the film was too thick for transmission IR, transmitting insufficient radiation to produce a useful spectrum.
 
              ATR was the obvious next method of choice, being non-destructive. The disadvantage of ATR, as described above, is that a certain amount of pressure is required to make intimate contact between diamond and object, potentially damaging the sample. This is acceptable when analysing the edge of a photographic negative but makes it more difficult to apply to other types of library material. Furthermore, when you are recording each spectrum some time is required to put the sample into position and for it to be clamped by the ATR crystal. Nevertheless, in relation to other techniques it was found that the method was extremely effective, rapid and simple to implement. One minor problem that was encountered was the layered structure of film, as ATR is a very much a surface technique and only penetrates the surface by 0.5 to 2 µm. Much of the film has one side with a gelatin and silver halide coating which can be as thick as 12–25 µm. This would prevent identification of the cellulose acetate/nitrate film, so it was important to ensure that measurements were taken from the correct side of the film. In some cases there is a coating on both sides of the film and the ATR-IR analysis will simply report the composition of the coating rather than the cellulose substrate. In practice sufficient samples did give spectra that showed enough information on which to base informed assignment of the materials. We were not looking for absolute identification but rather indications of the possibility that a film could be cellulose nitrate. Cellulose acetate will not be damaged by being frozen so misidentification does not represent a risk to the collection, and the new frozen chamber was big enough to house both definitively and tentatively identified samples. Cellulose nitrate, especially in the form of photographic negative, represents only a very slight fire risk if stored at room temperature and an even smaller risk if simply cold stored. Any samples that could not be absolutely identified as not being cellulose nitrate were labelled ‘suspect nitrate’ and frozen. So, although imperfect, along with evidence from other observations this method helped separate the different types of film.
 
              In November 2013 the EU-funded MOLAB team visited the Bodleian Libraries to carry out analysis on five Mesoamerican manuscripts. The material composition of these manuscripts is unique and mostly organic, so that a wide range of techniques had to be applied to investigate them. One of the many techniques that MOLAB used was infrared reflectance spectroscopy. This employs a small spectrometer, the Bruker Alpha, equipped with a module for external reflection measurements. Despite being much smaller and lighter than the 34 kg Perkin Elmer Spectrum 100 spectrometer owned by and housed in Bodleian Libraries, the weight of the Alpha is still significant at 7 kg. However, as the MOLAB team have experience in the investigation of these types of manuscripts (Buti et al. 2014; Miliani et al. 2012), they have developed cradles and supports to allow the spectrometer to be held safely above the object being analysed with a working distance between the manuscript and the spectrometer of approximately 2 cm. The results and spectra were published in Grazia et al. (2018). Mid-infrared spectra were collected on a selection of areas to give molecular information that aided the identification of inorganic pigments, substrates and additives. By the careful comparison of specific bands in the spectra from the white areas on three of the codices it was possible to differentiate two forms of calcium sulphate, varying amounts of calcium carbonate and traces of silicates. The spectra from red areas all indicated the presence of silicates. Several analyses of blue areas yielded spectra indicating the presence of Maya blue, a composite of indigo and a clay-based substrate, sometimes with increased levels of calcium carbonate perhaps intended to produce paler colours. It is perhaps incorrect to isolate this particular analysis from the array of analyses on these manuscripts carried out, since it is the collective of all of the results that allowed a more complete categorisation of the manuscripts; but the fact is that analysis by infrared reflectance spectroscopy, although technically challenging and requiring a high level of understanding of chemistry, coupled with an in-depth knowledge of the material under study, does provide important and vital clues as to the identity of the materials deployed.
 
              SurveNIR was an EU-funded project with the aim of producing apparatus that would automatically produce results for assessing the state of paper products in archives, museums and libraries (Lichtblau et al. 2008; Strlič, Kolar, and Lichtblau 2007). The information which the equipment provides should be comparable with the results produced by conservators using physical and chemical tests. In some institutions these tests are used in the assessment of the condition and general preservation needs of collections. The methods that have been used are potentially or inevitably harmful to the objects being tested, either by requiring samples to be taken or by physical or chemical interventions on the objects as a whole. The SurveNIR project was based on the assumption that the conservation community needed a non-invasive way of carrying out condition surveys. The method should also help the conservators to assess future conservation priorities. The SurveNIR project successfully developed a mobile system, now commercially available, for the assessment of the condition of a paper document quickly and non-destructively. The assessment utilizes near-infrared spectroscopy; the reflection spectra obtained have been shown to correlate with the chemical and mechanical properties of historic paper. The success of the equipment is that all of the complicated ‘chemometrics’ are built in, allowing the analysis to be carried out by non-scientific operators, either conservators, book handlers or in a recent trial, the public.
 
              The calculations are performed using advanced mathematical analysis including partial least squares analysis (PLS), standard error of estimate (SEE), and standard error of prediction (SEP) on the reflected spectra, which are compared with an extensive collection of reference data representing more than 200 years of Western papermaking. It is in these reference data, the result of a huge amount of effort within the SurveNIR project, which allow the condition of collection items to be derived. The three-year project involved the physical and chemical testing of over 1,000 samples of model and sacrificial historic papers. Properties such as acidity (pH), molecular weight, tensile strength, and lignin content were measured on each sample and then the results correlated to the near infrared spectra of the same sample. In this way the computer software was ‘taught’ to recognise and evaluate the various criteria.
 
              When measurements are taken from unknown collection items the results from the SurveNIR equipment can give information on the quality of papermaking fibres and production processes as well as indicators of condition. The results after measurement are divided into four categories by the software, namely good, fair, poor, and critical. The yellowing of the paper is not measured but can be estimated by eye or by visible spectroscopy and be recorded with additional information such as year of publication, weight and binding.
 
              The degree of parameterization of item categorization can be defined by the user depending on the nature of the collection as a whole and the needs of the institution. For example, if you are surveying a relatively robust collection, you may adjust the settings to identify individual items that are in slightly worse condition than the average; whereas in a very variable collection you may wish to pinpoint objects in very poor condition. SurveNIR is a rare example of a technology being developed specifically for analysis of library materials and as such is an important addition to the array of techniques that can be used to learn more about our collections.
 
             
           
          
            5.3 Raman spectroscopy
 
            Raman spectroscopy has emerged as a powerful tool in the analysis of works of art and manuscripts. It is a non-invasive and non-damaging means of characterizing samples in situ and provides unequivocal evidence for the presence of many materials. Although Raman spectroscopy can be used to analyse bulk samples, in applications within the arts and humanities community it is normally coupled with a microscope, allowing data to be obtained from small areas from a few tens of micrometres down to the identification of single grains of pigment. It can be extended to allow spectroscopic imaging of samples, revealing levels of information about the chemical composition of a material that are unmatched by other techniques. Raman spectroscopy provides an alternative to IR absorption spectroscopy as a means of acquiring the vibrational spectrum of a molecule, yielding information that can be considered as a forensic fingerprint for a substance and allows the identification of small quantities of samples. Raman spectroscopy offers some advantages over IR spectroscopy and is a powerful tool in the arsenal of the heritage scientist. There has been an increased interest in the use of Raman spectroscopy for pigment identification in library collections due to the introduction of non-sampling techniques. This is a truly engaging area of academic study involving crossing boundaries between art history, conservation, and analytical science. Methods commonly used by researchers in art galleries and museums are not so widely acceptable in libraries, so taking cross-sections of manuscript material to see paint layers and any other form of sampling is not usually allowed. This has led to the development of non-invasive analytical methods which are sufficient for most purposes. It has to be said, though, that some analysis really does still require sampling to obtain definitive answers.
 
            
              Background
 
              Micro-Raman spectroscopy (μ-Raman) on library materials was first reported by Vezin and colleagues (Delhaye, Guineau, and Vezin 1984; Vezin, 1984) who identified pigments including lapis lazuli in the inks of a manuscript. A decade later Bell, Clark, and Gibbs (1997) further developed the use of the technique, publishing libraries of spectra for numerous pigments and studying many manuscript samples. Since these early works many other scientific and conservation workers have adopted μ-Raman as a useful tool for the identification of pigments in situ (Colomban 2012).
 
              A key challenge for any scientific analysis of manuscripts lies in the need to be able to bring together the instrument and the book. The high value of manuscripts, their sensitivity to changes in humidity and temperature means that it is very difficult, if not impossible, to secure the movement of manuscripts to laboratories. The only solution then is to move the instrument to the library, as few major libraries across the world have in-house scientific instrumentation dedicated to the study for research and conservation purposes. Of course, this is not without its drawbacks: the instrumentation can be expensive, and it requires highly trained and skilled operators to ensure that the data obtained are scientifically valid. Of all the techniques used in conservation science, Raman spectroscopy is probably the least commonly found in conservation laboratories, as commercially available instruments tend to be very costly and the way they are set up tends not to lend them to the study of manuscripts, as well as requiring specialist technical knowledge to operate them.
 
              The obvious solution is to use mobile instrumentation, employing equipment that can be readily moved from library to library for the studies. Such an approach is easily implemented for some analytical techniques, for example fibre-optic optical reflectance spectroscopy, as discussed above, but less so for Raman spectroscopy. Recent advances in laser and detector technologies have allowed the construction of mobile instrumentation and some commercial ‘hand-held’ Raman spectrometers have emerged on the market (Jehlička and Vandenabeele 2015).
 
              However, before these, or indeed any Raman spectrometers are used to analyse a priceless work of art, some consideration needs to be taken of the laser wavelength, total laser power and power density in order to ensure that no damage is caused by the analysis. These factors will be explained in more detail later, but first we should consider the Raman process itself in more detail, and the factors that govern the signal strength and those that reduce the signal quality. Raman spectroscopy records the vibrational spectrum of the substance under investigation. It allows the identification of the materials that make up the molecules of a substance, comprising of an array of atoms that are always moving. These molecules are vibrating with characteristic frequencies that depend upon the masses of the atoms and the bonds that hold them together in that unique substance. The vibrational spectrum, a graph showing the frequencies of vibration and the strength of the interaction of these with the light field, provides a fingerprint that allows the forensic identification of materials.
 
              For the purposes of this chapter, we will consider the technique using a very simplistic model that will suffice for our needs. Readers interested in a more detailed explanation of the underlying physical origins of the Raman effect will find a number of excellent textbooks progressing from the undergraduate teaching through to specialist level (Smith and Dent 2019; Vandenabeele 2013). Raman spectroscopy is able to determine the vibrational spectrum of a substance by scattering visible or near-infrared light off the sample. At this point it is helpful to consider the energies of the quanta or photons of light and the molecular energy levels. The energy of a photon or quantum of light is dictated by the wavelength or frequency of the light by the equation E=hν = hc/λ, where E is the energy, h is Planck’s constant, and ν and λ are the frequency and wavelength of light respectively. In the visible spectrum this corresponds to energies of between 150 and 50 kJ mol−1, whilst the vibrational energies of molecules are typically 0.5–16 kJ mol−1. If we draw an analogy between the money in your pocket and the energy carried by the light, the wavelength of the illuminating laser corresponds to large denomination notes and the vibrational energies of the molecules corresponding to small coins. Note that in Raman spectroscopy, as in IR spectroscopy mentioned above, we usually report the wavenumber, νˉ, associated with the vibration and report its value in units of cm−1.
 
              The Raman experiment comprises of shining a single wavelength or colour of light, normally generated by a laser, onto the sample and then collecting and analysing the spectrum of the scattered light. Most of the scattered light is exactly the same colour as that of the incident light source: this is known as the elastically scattered light or Rayleigh scatter (see section 5.1). A tiny fraction, about one millionth, of the light shone on the sample loses some of its energy to the material and changes its wavelength – this is known as inelastic or Raman scattering. Due to the need for the conservation of energy, the difference between the energy of the incident light and the Raman scattered light corresponds to the vibrational energies of the substance. Therefore, by analysing the spectral profile of the scattered light we can obtain the vibrational spectrum of the sample. To return to the analogy of molecular energies and currency, imagine going into a sweet shop where none of the prices for items are on display – these correspond to the unknown vibrational energies. If we buy an item and pay the shopkeeper with a large denomination note, £10, then examine the change we are given, e.g. £9.45, we can deduce that the cost of our favourite chocolate covered toffee bar is £0.55.
 
              The principle of Raman spectroscopy, then, is straightforward. Shine a laser onto a sample, collect the scattered light and record its spectrum. However, in reality there are some complications. As the Rayleigh scattering is a million times stronger than the Raman scatter, and because vibrational energies are relatively small compared to the energy of the exciting light, it can be difficult to differentiate between the Rayleigh and the Raman scattered light. Early Raman spectrometers needed complex optical assemblies to accomplish this, but modern optical filters facilitate the rejection of the Rayleigh light with amazing efficiency. The scattered light is collected and most of the scattered laser light removed by passing the light through a filter that blocks the wavelength of the exciting laser light but transmits the Raman light. The remaining light is then dispersed according to wavelength using a spectrograph and detected by a CCD camera, to give the Raman spectrum. Using a combined spectrograph/CCD allows the entire spectrum to be recorded simultaneously, but since these devices can suffer from stray light in the spectrograph and thermal and read-out noise in the CCD camera, we also detect random signals that cannot be evaded.
 
              Thus begins the trade-off between the signal (good) and noise (bad). Signal level can be improved by increasing the time taken to acquire the spectrum, or by increasing the intensity of the laser on the sample. Noise can be reduced by taking the average of many spectra, by cooling the camera chip to reduce thermal noise, sometimes to as low as – 90° C, and by the reduction of stray light by careful design of the spectrograph. In practice all of these factors need to be adjusted to optimize the signal-to-noise ratio, and hence obtain the best possible spectrum.
 
              Modern spectrometers typically use a back-scattering geometry, where the laser is reflected off an edge filter (sometimes referred to as the injection filter) through an objective lens onto the sample. Scattered Rayleigh and Raman light are collected by the same lens and directed back along the excitation path; the scattered laser (Rayleigh) light is reflected by the edge filter, whilst the Raman scatter is transmitted through it and into the spectrograph stage. In many instruments this optical design forms the basis for a confocal microscope, providing spatial resolution close to the diffraction limit of the light, of the order of the wavelength of light. The objective lens is selected to allow the maximum amount of scattered light to be collected for analysis, and the numerical aperture of this lens dictates the minimum spot size to which the laser can be focused.
 
              Focussing the light also creates a spot of high intensity laser light, where the irradiance, I, is determined by the laser power, p, divided by the cross-sectional area of the laser spot, a: I = p / a. This is an important value – high levels of irradiance can lead to sample damage and ultimately burning. Knowing and understanding the value of the irradiance, the laser-spot area and the laser power, along with the absorption profile of the pigments under investigation and the damage thresholds is essential for this method to remain a non-damaging and acceptable form of analysis (Burgio, Clark, and Firth 2001; Eremin et al. 2008; Mattei et al. 2008).
 
              Finally, coupling the Raman measurement to a microscope in this way gives a tool capable of analysing a sample with a high degree of chemical information content at high spatial resolution, of the order of a few μm, permitting the identification of single grains of pigment, and potentially allowing high-resolution mapping of materials across an area of sample if required.
 
              Raman spectra reveal a number of peaks, corresponding to the vibrational wavenumbers (frequencies) of the substance under test (Figure 5.2). In this application it is unusual to assign these in terms of the specific molecular vibrations, but rather to match the observed spectra to those of known substances. Libraries of Raman spectra do exist; however, the user should be aware that due to resonance Raman effects spectra should only be compared to those of reference materials recorded using similar wavelengths and conditions. Most users create their own library of spectra using well characterized materials. For a positive match, all of the bands in the Raman spectrum of a sample should match those of the (pure) reference material.
 
              
                [image: ]
                  Figure 5.2: Raman spectrum of the pigment vermilion (© Giorgia Marucci, Kate Nicholson, Northumbria University).

               
              In reality the observed spectra may reveal mixtures of compounds and the Raman spectrum is often accompanied by sample fluorescence. Fluorescence is the nemesis of Raman spectroscopy; although a sample may be considered non-fluorescent the very low intensity Raman scatter can be easily swamped by unexpected emission. There are various strategies to reduce the contribution of fluorescence, the most common being to employ longer excitation wavelengths, but in practice it is not always possible to eliminate it completely.
 
              Raman spectroscopy cannot be used as a quantitative assay – the intensity of the scattered light depends upon a large number of factors that make it difficult to quantify. The presence of peaks in the Raman spectrum therefore should be considered at most as a sensitive test for the presence of particular pigments and for providing detailed structural identification of the pigments. It is a technique that is ideally used in conjunction with other methods such as FORS or XRF; on other occasions it can reveal levels of detail that cannot be matched by other techniques.
 
             
            
              Equipment
 
              Now we better understand the process and the technologies underpinning Raman spectroscopy we can return to consider the relative merits of laboratory-based and mobile instrumentation.
 
              Laboratory-based instrumentation typically comprises high-performance microscopes coupled to long-focal-length spectrographs and deep-cooled CCD cameras, providing high spatial resolution and collection efficiency, high spectral resolution and excellent sensitivity respectively. However, these come at the expense of physical size, complexity and lack of portability. Commercial laboratory-based systems are designed for the study of small samples and their sampling heads make the alignment of part-opened large manuscripts underneath the microscope head extremely challenging. The microscopes often employ long-working-distance microscope objectives to focus onto and to collect light from the sample: an x50 lens will give a diffraction-limited spot of as little as 1 μm diameter. However, the term ‘long working distance’ is slightly misleading: typically the lens works with a stand-off of ca 10 mm from the surface under investigation. This means that in order to prevent accidental contact with the sample, the sample (book) must be immobilized in a firm cradle or support. Spectroscopy under these conditions requires vigilance and the utmost care.
 
              Some research libraries do have facilities for Raman spectroscopy; however, these laboratory-based systems are really not portable and cannot be (easily) moved from place to place. Early work on the Durham Cathedral Library collection by Gameson, Beeby, Duckworth, and Nicholson (2015) was carried out in Durham University’s Palace Green Library. At the time, the movement of the equipment – comprising the disassembly, move and recommissioning of the ½-tonne Raman spectrometer system, optical tables laser and ancillary equipment in the Library – took one week in total. Such instruments are intolerant towards movement and, like a thoroughbred racehorse, they require regular attention to keep them in tip-top condition. These systems are impractical to move from library to library: they function best when given physical and thermal stability and require time to ‘settle’ after movement.
 
              Several manufacturers produce fibre-optic sample-probe accessories that can be coupled to these high-performance spectrometers, delivering light from the spectrometer to the sample head, and returning the Raman scattered light back to the spectrometer via fibre-optic cables which can be several metres long. These fibres allow the probe to be easily moved over the sample and, thanks to their reduced size compared to the normal microscope, allow greater access to a manuscript. Using a multimode fibre to connect the laser to the probe results in the minimum spot size on the sample being significantly larger than the diffraction limit: for example, a 100 μm fibre and an x50 lens gives an image of ca 30 μm diameter at the sample. Although the probe head can be small and moved close to the sample surface, the spectrometer chassis remains large and cumbersome, and these systems remain challenging to move to a library. As a final consideration, these research-grade laboratory-based instruments systems tend to be very costly.
 
              Advances in optical instrumentation, particularly relating to lasers, CCD cameras and optics, have allowed the development of small portable Raman spectrometers. A number of these employ long-wavelength diode lasers, e.g., 785 nm, which reduce the chances of interference from sample fluorescence but at the expense of reduced Raman scattering. (The probability of Raman scattering is proportional to the 1/λ4.) The low cost and portability of these systems makes them attractive to conservation scientists; however, these systems should be carefully assessed before they are used, not least because many employ high-power lasers that can – and do – burn samples. A full analysis of the merits and demerits of these instruments, not specifically intended for use on sensitive and precious samples, will be addressed in detail later.
 
              Other research groups, including the one at Durham (which was employed at the Bodleian Libraries extensively), have built bespoke instrumentation specifically optimized for the study of manuscripts (Mulholland et al. 2017). A schematic diagram of the Durham system is shown in Figure 5.3. This instrument employs components selected to provide the best possible spectroscopic performance for manuscript work but with an eye to portability. As mentioned previously, a major consideration is the laser power density on the page, a ratio of the total laser power to the area of the laser spot. The system employs a low-power 633 nm diode laser, this wavelength being selected as that giving optimum coverage of the pigments commonly encountered. It is engineered so that the total power of the laser at the sample never exceeds 0.5 mW (Marucci et al. 2018). The bespoke Raman probe-head containing the optical filters and lens is connected to the laser and spectrograph by two multi-mode fibre optic cables, allowing the relatively small head unit, 10 x 8 x 3 cm, to be mounted on a rigid gantry over a sample, with the more bulky laser and spectrometer maintained at a safe distance from the art work under study. The head is equipped with a very long working distance x40 microscope objective that optimizes the working distance and the Raman collection efficiency: in practice this gives a working distance of 10 mm from the sample surface. The probe was designed to allow the acquisition of spectra to as low as ca 70 cm−1, allowing the characterization of many heavy-metal-containing pigments. We have found this low wavenumber region, 70–200 cm−1, to be particularly useful. For example, it permits the identification of traces of impurities in red lead (see below). The scattered light is analysed by a small spectrograph and deep-cooled scientific CCD camera, providing 10 cm−1 resolution and an excellent signal to noise ratio. The main advantage of this system is that it can be packed into a small ‘suitcase’ that can be carried by one person on public transport, and upon arrival at a library it can be set up and calibrated in less than 30 minutes. This truly is ‘spectroscopy in a suitcase’.
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                  Figure 5.3: Durham combined FORS and Raman setup (© Kate Nicholson, Northumbria University).

               
              The laser wavelength used to record spectra can have a significant impact upon the ability to record spectra. As a general rule of thumb it is undesirable to use a wavelength that is absorbed by the sample, to prevent thermal effects and heating. As mentioned above, shorter-wavelength light gives a higher intensity of Raman scattering. However, this comes with the increased likelihood of sample auto-fluorescence, which can swamp the Raman signal. The cost of using additional wavelengths is not insignificant: in addition to a costly narrow-linewidth laser, additional filters are needed and potentially separate Raman probes, each increasing the cost significantly. While it is not uncommon for a laboratory-based system to have two or more laser sources, mobile instruments tend to employ a single wavelength. Recent work by Marucci et al. (2018) has examined the Raman spectra recorded from a range of pigments commonly encountered in manuscripts at laser-power density that would be suitable for manuscript work. This work included spectra recorded using laser excitation at 488–1064 nm, and from these data it is clear that, although NIR lasers do offer some advantage for specific pigments, these come at the expense of needing increased laser powers. The final analysis revealed that 633 nm is the optimal wavelength for maximum coverage of pigments. This wavelength has the added advantage of being readily accessible as stable, narrow-linewidth low-cost HeNe or diode laser systems.
 
              Raman spectroscopy has become a technique of increasing utility in heritage science, offering the potential for the definitive identification of a wide range of inorganic pigments commonly found in historic objects and – of particular interest to our research group – illuminated manuscripts, in a non-damaging and non-destructive way. Raman spectroscopy is quite a difficult technique to master, and the acquisition and interpretation of spectra demands experience and expertise. The availability of relatively low-cost hand-held instruments should not be seen as an ‘easy entry’ into the field and these systems should be treated with utmost caution.
 
              The word ‘laser’ evokes images of science-fiction death-rays, capable of cutting through anything in their path. While this is rather an overdramatic way of thinking about these light sources, users should be aware of the potential even for low-powered lasers to cause damage to manuscripts or to the users. One of the important differences between a laser and a conventional light source is the ability to focus its energy onto a very small area, which can lead to very high intensities of light, i.e., a lot of light over a small area. For example, we have seen some systems employing laser powers in excess of 100 mW focused onto a small area, yielding power densities that can rapidly burn through any sample placed in their way. These lasers are often NIR systems, operating at, e.g., 785 nm, rendering them virtually invisible to the eye but nonetheless having the potential to cause significant eye damage to any user or observer. Again by analogy, the power density from a normal light bulb can be thought of as the pressure exerted by an elephant standing on your foot (about 50,000 N/m−2) compared to the focused laser which is akin to a person wearing a stiletto heel (about 3,000,000 N/m−2). In microscope systems using a high-magnification, high-numerical-aperture (NA) lens, the laser can be focused to a diffraction limited spot, defined by the Abbe equation:
 
               d = λ / 2 NA 
              
 
              This means that a 1 mW 633 nm laser focused through a 0.5 NA lens will have a beam waist, or spot size, of 0.6 μm and a power density of 350kW/cm−2. When compared to a power density of 0.13W/cm−2 for daylight, the significance becomes clear. High-powers densities can cause localized heating and photochemical damage, so it is essential that any work is carried out using a lower density that is well below the damage threshold of the sample. Ideally, the wavelength of the laser should be selected so that the light is not absorbed by the sample, although, as discussed above, it is common to have only a single laser on a system, because of cost.
 
              Raman spectroscopy has been employed by a wide number of workers in the heritage science field. Although few report the power density employed in their systems, the ‘worst-case’ power density can often be calculated, assuming that their system gives a diffraction limited spot. In some cases the photodegradation of materials has been reported and studied (Burgio, Clark and Firth 2001), giving some idea of the damage thresholds for a range of samples. An examination of recent work reveals typical powers in the range 0.5–10 mW in conjunction with a 0.50 NA lens, from which we can calculate power densities of hundreds of kW/cm−2.
 
              Advances in instrumentation, particularly in the area of detector technology where deep-cooled, high efficiency CCD cameras are now commonly available, mean that ever lower power densities can be employed. Also, by using probes coupled via multi-mode fibre optics, the laser spot sizes can be significantly larger than those found in a confocal microscope configuration, of the order of 10–50 μm diameter, leading to lower power densities of 10–100 W/cm−2.
 
              Some small commercial ‘hand-held’ Raman systems employ high-power 785 or 532 nm lasers (Jehlička and Vandenabeele 2015; Vandenabeele et al. 2005) which can deliver tens or even hundreds of mW total power to the sample. The manufacturers of these systems provide little information regarding the power density at the sample, therefore these should be treated with absolute caution: our experience has shown that even though they may not be focused to a diffraction limited spot they nonetheless have the ability to cause significant damage to samples.
 
              One of the challenges of Raman spectroscopy is that spectra can only be recorded from the area of sample in focus and invariably give no information regarding the material beneath the surface, something that might be of great interest where an artist has used layers of paint to bring about an artistic effect. A method known as Spatially Offset Raman Spectroscopy, SORS, has been developed to allow the acquisition of Raman spectra from underlying layers of material, and has recently been adapted for use on manuscripts. The method relies upon the multiple scattering of the excitation light as it penetrates the sample. The scattered light stimulates Raman scattering during its passage through the sub-surface of the sample. As the light penetrates into the material the distance from axis of the entry point also increases, and the emerging Raman scattered light emerges from the material at a distance – or spatial offset – from the entry point. An adaptation of this technique, ‘micro-SORS’, employs a microscope system to excite the sample and collect the Raman scatter as in a conventional system. When the laser is focused at the surface, the detected Raman spectrum is dominated by the surface material. Slightly counter-intuitively, raising the focus above the surface of the page by a few millimetres has the effect of collecting light that has penetrated more deeply into the subsurface, and gives the Raman spectrum of the underlying paint, albeit with a reduced intensity (Matousek et al. 2016).
 
              Although this offers an exciting way of probing the sub-layers of material, there are some important experimental considerations that need to be taken into account. For example, as discussed above, the laser power density at the focus of the laser used in a conventional Raman measurement needs to be carefully managed in order to prevent damage. In principle, raising the focal point of the microscope above the surface of the manuscript increases the surface area exposed to the light, and hence a higher laser power can be used to obtain the weak micro-SORS spectrum. However, caution must be exercised: the distance of the focal point of the lens will only be a fraction of a millimetre above the manuscript, and any movement of the parchment due to changes in humidity or flexing of the page could bring the page into focus at the higher laser power.
 
             
            
              Uses
 
              The Durham Raman equipment has been put to good use in many projects. For example, Raman analysis of an orange panel in an illumination might indicate the presence of red lead, Pb3O4, and the presence of other lead oxides such as litharge (tetragonal PbO) or massicot (orthorhombic PbO). This in turn reveals an interesting feature of the production of red lead from the sixth to the twelfth centuries. Red lead is manufactured by heating white lead (Pb(OH)2CO3) in air to ca 600° C. Under these conditions the white lead loses water and carbon dioxide to form litharge, and with heating in the presence of oxygen this further oxidizes to Pb3O4.. If the sample is heated to too high a temperature, or if it exposed to insufficient oxygen, an alternative form of PbO known as massicot is formed. Early Northumbrian manuscripts were found to contain an abundance of pristine red lead, which has a characteristic Raman spectrum with lines at 122, 314, 391 and 550 cm−1. Some later manuscripts reveal the presence of additional bands in the Raman spectrum at 143 and 289 cm−1, indicating the presence of massicot. This in turn provides an insight into the processing and manufacture of this pigment and clues as to the changes in production methods across the ages. Such detailed information cannot be obtained by other techniques: XRF would reveal the presence of lead but not the oxidation state. In a similar way, Nicholson and Ricciardi have used Raman spectroscopy to characterise an arsenic sulphide used in a miniature. The XRF image revealed the presence of arsenic and sulphur, suggesting the presence of orpiment or realgar. Raman spectroscopy revealed that the compound was a synthetic AsSx glass, rather than stoichiometric mineral-based arsenic sulphides (Legrand et al. 2018 and Dr C.E. Nicholson, unpublished data).
 
              A further example involves the study of the materiality of Mexican manuscript traditions. As introduced in 5.2, the Bodleian Libraries contain a unique collection of manuscripts from Mexico, some of which were written before the arrival of European in a completely indigenous pictographic script (see also Chapter 8). These Mexican codices, as they are called,5 are exceedingly rare, as there are less than twenty precolonial examples in existence. The Bodleian has three of these (Codices Laud, Bodley and Selden6), which is the largest collection in a single location in the world. Next to these, there are also three later Mexican documents. One is the scroll of New Fire, or the Selden Scroll, which details a religious ritual connected to the 52-year indigenous calendar cycle. The Codex Mendoza was a codex compiled for the viceroy Don Antonio de Mendoza and describes indigenous Aztec life, religion and the political structure, particularly the empire’s tribute system. This partially Spanish and partially Nahuatl7 alphabetic manuscript is often considered one of the true keys to understanding indigenous Mesoamerican world views. A final Mexican manuscript in the library’s collection is MS Mex e.1. This is a completely unstudied manuscript. This is not so surprising as it is written completely in Nahuatl. In the catalogue it is stated that the text begins with the words “Maximo Paquil”. This is not Nahuatl, however, but a type of Latinized version of the words “Ma Ximopaquiltitie” (Figure 5.4). These opening words can be translated to “May you be joyful” and has been recognized as the start of a prayer to the Virgin Mary (Macuil Martinez, pers. comm.). At the same time, the orthography of the text seems to indicate that it is a very early version of this prayer. How early is yet to be determined, but we were curious about how the materiality of this manuscript compares to the other Mexican manuscripts.
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                  Figure 5.4: First leaf of MS Mex. e.1 (© Bodleian Libraries, University of Oxford).

               
              To answer this question we build on earlier work by the Italian MOLAB team on indigenous Mexican bookmaking traditions. Theirs was literally a broad-spectrum approach, as multiple complementary techniques had been applied to identify pigments and substrates used by ancient Maya, Aztec and Mixtec scribes (Buti et al. 2018; Buti et al. 2014; Grazia et al. 2018; Miliani et al. 2012). They used Raman, infrared and UV-Vis spectroscopy, and XRF to identify materials. With the exception of orpiment and the clay-indigo compound called Maya blue, all the paint used by these scribes was organic. We wanted to know if the colonial MS Mex e.1 followed this pattern, or if it adhered more to the European tradition of bookmaking introduced by the Spanish friars. One aspect which seemed to suggest the latter was in the use of gold and silver, which was securely identified by the use of XRF. This material has never been found on pre-Spanish Mexican documents. There may be a simple reason for this, however, as the conquistadors’ thirst for precious metals was insatiable, prompting the destruction of many golden and silver objects.
 
              With Raman spectroscopy we investigated the different colours used in this manuscript. As expected, most turned out to be organic materials which could not be further specified in a non-invasive manner. Two, the blue and the red areas, yielded significant results in the Raman spectra. It has to be noted, however, that because of the severe deterioration of these paints, the spectra were not very clear. In the case of the blue areas a significant band at 1578 nm superimposed upon a broad fluorescence background could be seen (cf. Mulholland et al. 2017). This identified it as indigo, the main component of the complex Maya blue pigment. As the name suggests, this is a true Mesoamerican invention that was repeatedly used in the Mexican manuscripts. In the Raman measurements of the red areas two peaks, at 122 and 550 cm−1, were observed, allowing the identification of red lead or minium. In this case, the materiality of the red paint does not conform to the precolonial tradition at all. The precolonial paint of choice for red in all cases was either cochineal red or ochre. The use of minium seems to have been a true European import into Mexico. We can thus say that this manuscript falls between the categories of European and indigenous Mesoamerican texts. Study of the text itself is still under way and we are curious if this hybridity is extended to the document’s contents as well.
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            Notes

            1
              The cost of a light source, fibres, probe assembly and spectrometer is currently in the order of £7,500.

            
            2
              http://www.iperionch.eu/project/fiber-optic-near-ftir/. Accessed 19 November 2019.

            
            3
              Strictly speaking, the measurement of light intensity in lux only refers to the visible light falling upon the sample, it does not inform the conservator about the UV or NIR components of the radiation.

            
            4
              http://www.irug.org. Accessed 13 November 2019.

            
            5
              Technically the term ‘codex’ refers to a bound manuscript consisting of a stack of paper bound to a spine. The Mexican codices are different in that they consist of a long strip of leather or bark paper, covered in gesso and folded accordion-style to form the pages.

            
            6
              The Selden manuscript was made around 1560, but because of its completely indigenous content and materiality it is usually considered one of the precolonial codices. There is also an older codex underneath the surface (see Chapter 8) which almost certainly must have been made in precolonial times.

            
            7
              The language of the Aztec and neighbouring people, still spoken by around a million Mexican people today.
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          The application of X-rays to works of art can be split up into two main types. The first is the most straightforward, as it involves making an image of an entire object. Such radiographs should be familiar to any who has ever broken a bone, as the same technique is used by physicians and conservation scientists. In such a radiograph, the parts of the object that absorb more X-rays appear darker than those areas that absorb less. Since this absorption is related to the elemental properties of the material, the radiograph records the internal structure of the object under investigation. While the different shades of a radiograph are indicative of the density of the material, it cannot inform on chemical composition.
 
          For library materials, the second type of X-ray-based technique is much more applicable. These are the techniques that measure the specific properties of materials when exposed to X-rays. The most common property measured is fluorescence, which is in many cases characteristic of the elements that make up an object, and so these measurements can establish the elemental composition. Diffraction of X-rays can give information on crystallinity within a material.
 
          Working with X-rays requires special attention to safety. Both the object and especially the investigator need to be protected from excessive exposure. If such factors are taken into account, X-ray-based techniques are amongst the most informative techniques available to the modern researcher, not least because they can inform about material composition on and below the surface.
 
          
            6.1 X-Ray fluorescence spectroscopy
 
            As described in the Chapter 5, spectroscopy is a technique in which radiation is sent into a material, where it interacts in a particular manner, altering the radiation that is emitted from the surface. Measuring that reflected radiation and comparing it with what was used to illuminate it allows you to say something about the material from which the surface is made. X-ray fluorescence (XRF) spectroscopy is different in two important aspects from the spectroscopic techniques previously described. Firstly, it measures radiation emitted from the surface of objects rather than measuring the radiation being absorbed. Secondly, rather than giving molecular information, the technique gives the specific identification and in some cases quantification of the chemical elements present.
 
            
              Background
 
              It is important to note that all XRF instruments work under the same principles of X-ray physics, whatever the design and manufacturer of the instrument being used. When incident X-rays from the instrument hit the surface of the material being analysed, the sample emits X-rays that have energies characteristic of the elements present on the surface. The emission of these characteristic X-rays is due to each individual element having a unique electron structure. If the energy of the incident X-ray beam is greater than the binding energy of an inner shell electron of the atom, the inner shell electron is dislodged and the atom becomes unstable. For the atom to return to a stable or ground state, outer energy shell electrons cascade down to fill the inner shell vacancies. These electron transitions result in the emission of characteristic lower-energy secondary X-rays, a phenomenon known as fluorescence. Electrons are fixed at specific energies in their positions in each atom, and this determines their orbits. Additionally, the spacing between the orbital shells of an atom is unique to the atoms of each element, so an atom of potassium (K) has different spacing between its electron shells than, for example, an atom of gold (Au) or silver (Ag). Electrons have higher binding energies the further they are from the nucleus of the atom. Therefore, an electron loses some energy when it drops from a higher electron shell to an electron shell closer to the nucleus. The amount of energy lost is equivalent to the difference in energy between the two electron shells, which is determined by the distance between them.
 
              The intensity of the characteristic fluorescence X-ray is dependent on the energy of the incident X-ray generated by the equipment. For heavy elements such as gold and lead, a high energy, in this case 40 kV, gives strong peaks. For lighter elements a lover energy, for example 8 kV, is used. The characteristic fluorescence X-ray has energy equal to the difference between the binding energies of any two energy level shells. Each element produces characteristic X-rays with a unique set of energy levels. The emitted characteristic X-rays are recorded as a continuous spectrum by a detector and observed as a series of peaks at differing heights (Figure 6.1). This gives a spectral fingerprint of the element. Energy is recorded along the X-axis and counts (i.e., intensity) are recorded along the Y-axis. In the spectrum, the energy of a peak identifies the chemical element producing it and the height of a peak is relative to the abundance of that element. Software can then be used to measure and quantify the concentration of detected elements present in the sample.
 
              
                [image: ]
                  Figure 6.1: 40 kV XRF spectrum of a gold leaf section on Ms. Mex e.1 (see Figure 5.4). The two largest peaks are the fingerprints of gold, the lower peak between them was caused by lead. This is a common contaminant of gold resulting from the process of gold smelting, and because of its molecular weight it is very strongly detected.

               
              When using XRF software, the peaks on the displayed spectra are named after the inner electron shell involved in the energy transition (K, L, M, N).1 Subshells are defined as LI, LII, LIII, and the number of levels through which the electron falls to fill the vacancy is denoted by a Greek suffix, α, β, or γ. For example, electron transitions from an L shell to a K shell vacancy result in a Kα line, and transitions from the M shell to a K shell vacancy result in a Kβ line. An incident X-ray can excite characteristic X-rays only if the incident energy is greater than the binding energy for the particular line group of a given element. The most frequent transition is the L shell electron transition to the K shell vacancy. This transition yields the most intense peak that can be easily measured, the Kα peak. There are Kα1 and Kα2 lines which have very close energies and appear on the XRF spectrum as a single peak, commonly notated as ‘Kα’. The Kβ peak has a lower intensity than the Kα peak. When the K lines are excited, the L and M lines of the same elements are automatically excited in cascade. For high atomic weight (Z) elements (from Ce, Z=58 to U, Z=92), incident X-ray energies are usually intense enough to excite the L lines but not the K lines. For these elements, M lines will also be excited in cascade with the L lines.
 
              XRF is widely used as a fast characterization tool in many analytical labs across the world, for applications as diverse as metallurgy, forensics, polymers, electronics, environmental analysis, geology and mining. Recent advances in X-ray technology have led to the development of XRF instruments capable of high spatial resolution analysis, and these are now increasingly used by researchers and analysts within these application areas. Their use is widely applied in the investigation and characterization of art objects as well as geological and archaeological materials. Because XRF is non-destructive, the method is particularly suitable for the analysis of complete objects, such as library material, where sampling is most often not an option. Most XRF instruments are capable of detecting the majority of elements in the periodic table, ranging from magnesium to uranium. Because of this, XRF spectra provide a valuable way to characterize a material quickly. For example, the colouring agent in a green pigment may be identified as copper or chromium, or a gilded feature may be characterized as gold and/or silver by the presence or absence of high gold or silver peaks. The classification of the basic materials can be useful for cataloguing, documenting the history of technology, the assessment of the condition of an object, identifying restorations and repairs, and dating.
 
              There are two main XRF techniques: energy dispersive (EDXRF) and wavelength dispersive (WDXRF). Each method has its own advantages and disadvantages. The range of detectable elements will vary according to the instrument configuration and set up. Typically, though, EDXRF covers all elements from sodium (Na) to uranium (U), whilst WDXRF can extend this down to lighter elements so can include carbon (C), nitrogen (N), oxygen (O), fluorine (F) and neon (Ne). Theoretically, concentrations can range from 100% down to 0.0001% (measured in parts per million, ppm) and in some cases sub-ppm levels can be detected, but in reality most instruments cannot detect less than 100 ppm. Limits of detection also depend upon the specific element and the nature of the sample matrix, that is, is the sample homogenous, layered, crystalline or amorphous; is the surface rough or smooth, and what is the particle size. In general, the heavier the element the better the detection limits.
 
              The most common XRF set-up used in heritage laboratories is EDXRF. Compared to wavelength-dispersive units, EDXRF produces broader peaks, but collects data extremely rapidly and produces a full XRF spectrum from energies ranging from 1 to 45 keV almost instantly. This range of voltages produce X-rays of energies suitable for the detection of all elements with a molecular weights from 12 (magnesium) to 92 (uranium).The broad peaks tend to overlap, but this is not normally a problem, since there are usually multiple characteristic lines to observe for each element of interest. However, it can limit detection of trace elements when a neighbouring element is producing a large signal.
 
             
            
              Equipment
 
              With EDXRF the X-rays are produced in an X-ray tube. In the tube electrons are generated at a heated cathode, usually a tungsten wire. The electrons are then accelerated (by an electric field between the cathode and the anode) towards a metal anode or ‘target’ (often made of tungsten, molybdenum or rhodium). Upon collision with the anode, the electron beam decelerates in the anode material and generates X-ray energy in the process. This produces a high-energy ‘incident’ (or primary) X-ray beam which is directed at the surface of the sample to be analysed.
 
              The three most common instruments used in heritage laboratories are benchtop analysers, mobile open-architecture instruments designed for use in museums and art galleries, and handheld analysers. Benchtop and mobile devices are usually operated in combination with software on a connected computer, whereas handheld devices, while they can be used in this way, are often stand-alone devices from which data can be downloaded onto a computer after the analysis has been completed.
 
              Benchtop XRF instruments have a relatively large chamber in which the object for analysis is placed. These instruments have a small and adjustable beam diameter, usually between 0.2 and 3 mm, which is the size of the ‘spot’ or area that can be analysed. This means that fine areas of features such as pigments and gilding can be analysed. Some benchtop instruments can map elemental distributions spatially across the surface of the object, allowing variations in the pigments to be viewed visually, sometimes referred to as XRF imaging, element mapping, or XRF scanning. Because scanning XRF allows very different questions to be answered, part of section 6.2 is dedicated to this technique. As well as mapping there are other advantages to benchtop instruments. As high-end laboratory equipment they usually have better detection limits. Lower concentrations and lower atomic number elements may be detected with benchtop laboratory instruments where it is possible to remove air from the beam. This is most commonly achieved by streaming a flow of helium across the surface of the object. Another method is to use a vacuum pump to remove air from the chamber to produce a vacuum. However, there are risks to some objects with pressure changes. The disadvantages of benchtop systems are the size of the chamber and the inaccessibility of the object under analysis. Mounting bound volumes inside a restricted space can be very difficult and larger objects simply won’t fit.
 
              To overcome size problems of benchtop equipment, mobile models have been developed. These have comparable beam sizes (0.2 to 1.5 mm), but with the added benefit of being able to work on large objects. Mobile instruments have open X-ray beams, and they must be used within a controlled area and the operator has to abide by strict health and safety regulations. This often necessitates undergoing a health and safety course on the use of such equipment. The first XRF spectrometer designed specifically for the in-situ analysis of art and archaeological objects in cultural heritage is the Bruker Artax XRF. The measuring head is set on an adjustable tripod system which can be set at any angle allowing objects of practically any size to be analysed. The instrument is operated remotely using Bruker Spectra PC software. The camera which is fixed to the measuring head is a useful feature for recording where on the surface the analysis has been carried out. This allows the user to move the measuring head, focus the area under analysis and take images. There is a variety of filters, adjustable tube voltage and currents to optimize sensitivity for specific elements of interest. The Bruker Spectra software allows up to 20 spectra to be viewed and compared at any one time and automatically calculates peak intensity by subtracting the background. It also allows input of an empirical calibration in order to quantify results after fluorescence data has been collected.
 
              Hand-held devices weigh only a few kilograms. They are fully portable and can be easily transported to where the objects are located. This means that valuable and sometimes delicate objects no longer need to be transported to the laboratory, and heavy cumbersome equipment does not need to be installed in situ. The portable instruments in common usage are all energy dispersive (ED) XRF. The beam size is larger and usually non-adjustable on hand-held devices, with fixed beam sizes on different instruments ranging from 3 mm to 8 mm. Hand-held devices are normally operated via software on the back of the instrument but can be operated remotely by connecting them to a laptop computer. They have open X-ray beams and they must be used within a controlled area, and the operator has to abide by strict health and safety regulations. In the United Kingdom instruments need to be registered with the Health and Safety Executive, and similar legislation is likely in other nations. In order to conduct an analysis, the whole object is placed directly in front of the instrument head within 1 cm of the beam of the handheld device. Handheld devices operate best with the instrument touching the object to reduce radiation scatter. In libraries, the XRF spectrometer is usually positioned as close as possible (ideally no more than 1–2 mm) from the surface without it coming into direct contact with the object. This does however also exacerbate the problem of scatter, a major cause of concern in terms of health and safety.
 
              An example of a handheld XRF instrument is an Oxford Instruments X-MET 8000 handheld X-ray fluorescence analyser with light element capability, owned by the Ashmolean Museum, at the University of Oxford. The X-MET 8000 is lightweight, highly portable and capable of detecting elements from magnesium, atomic number 12, to uranium, atomic number 92. The instrument is equipped with a rhodium-anode X-ray tube source and a Silicon Drift Detector (SDD). The tube has a maximum accelerating voltage of 50 kV and 50 μA current. As shown in Figure 6.2, the incident X-ray beam has a diameter of 8 mm and a direction of 27° upwards (Oxford Instruments 2016). The analyser is battery operated for portable hand-held and benchtop mode. Hand-held mode is used to analyse samples or objects of over 5 mm in diameter. Samples below this size can be analysed in bench-top mode, using either a protective safety shield cap to cover the sample or a small portable benchtop stand with a chamber. The instrument is equipped with an in-built computer, which allows the user to select analytical programs, view spectra and quantified results, and save data. Like the Bruker Artax, the X-MET has a built-in camera for locating the sample area of interest and recording an image of the area.
 
              
                [image: ]
                  Figure 6.2: X-MET 8000 handheld analyser (Oxford Instruments 2016, 171).

               
              To analyse a sample or object, the user selects the appropriate quantification program (see the ‘Quantitative analysis’ section below), places the head of the analyser directly on the sample, directing the beam away from the body, and presses the trigger to generate the incident X-rays. X-rays will only be generated if the following series of conditions are met: the infrared sensor and aperture at the nose of the analyser are fully covered by a solid sample; the three red X-ray-on fail-safe warning lights are activated (if one or more fail, X-rays will not be generated); and the X-MET software is running on the instrument. These safety features are designed to prevent accidental X-ray activation and inadvertent exposure of the operator to the beam. In addition to instrument safety features, the Ashmolean analyser is operated following the ‘Risk Assessment, Local Rules’ at all times. The following standard operating procedure is followed:
 
               
                	1.

                	 
                  If analysis is being conducted in a public space, the working area must be cordoned-off with ropes or barriers to prevent public access to the ‘designated controlled area’. The controlled area extends to 8 m in front of the operator and 3 m in an arc behind the operator. In all instances the operator must face a wall, or a space which has no public or private access.

 
                	2.

                	
                  Instrument and laptop cables pose a trip hazard and must be laid away from the analysis area when in use.

 
                	3.

                	
                  A scintillation counter is used to monitor scattered X-rays.

 
              
 
              The X-MET offers two sets of results for analyses: a list of elemental concentration in ppm, or weight percentage and a spectrum. Unlike other hand-held devices such as the Brucker Tracer-IIIV, there is no option to view or download a list of peak intensities. Concentration data can be downloaded as a text file, and the spectra can be interrogated on a PC using the Oxford Instruments XMET 8000 control application. The software is very basic: just five spectra can be viewed at any one time, there are no spectra name labels (and so it is difficult to identify which spectrum is from which sample) and peak intensities cannot be calculated – essential for semi-quantification using ratios of elements. Therefore, the user is forced to rely on pre-set fundamental parameter quantification programs or produce their own empirical calibration for quantitative results. Experience has shown that it is better to convert the files generated by the X-MET into file formats that can be viewed and manipulated by other software packages. The Bruker Artax software has been used to good effect to produce spectra with name labels and the ability to zoom in and out, overlay spectra and calculate peak area intensities to allow semi-quantitative analysis.
 
              Measurement times typically range from 30 to 100 seconds. Longer measuring times are sometimes required for the detection of ‘light’ elements (those of low atomic number such as sulphur, aluminium and silicon) and trace elements (those at concentrations lower than roughly 0.1% by mass). Shorter measuring times are often employed for handheld devices if being held by the operator. Although light enough to transport, weighing between 1 and 3 kg, the weight can make it difficult for the operator to hold an XRF in position for long periods. Using a stand for the XRF can enable longer exposures to be carried out safely. Care must be taken to secure the instrument, to ensure there is no chance that the instrument will accidentally come into contact with the object.
 
             
            
              Uses
 
              XRF is the method of choice for analysing metals and has long been of great use in characterizing the composition of metal objects found in libraries. More recently XRF has been extremely useful in analysing manuscript material where we may want to characterize the metallic content in gilding such as gold, silver, lead and a number of other trace elements. XRF can also be used in pigment identification by detecting metallic elements specific to different pigment compounds. Pigments containing heavy metals such as copper (Egyptian blue and azurite), arsenic (orpiment and realgar) and mercury (vermilion) are particularly suitable for XRF analysis. XRF has also been widely used in the analysis of iron-gall ink, the most commonly used ink during the middle ages.
 
              XRF has been successfully used for qualitative and quantitative investigation of ‘composition fingerprints’ of different historic inks. Quantitative analysis is carried out using methods that take account of the heterogeneity and the layered structure of historical samples. Using these compositional fingerprints it is possible to differentiate between different types of iron-gall inks. Iron-gall ink, as the name suggests, consists mainly of iron, but it also contains traces of elements such as copper, zinc, calcium and manganese. It is the relative amounts of these trace elements that gives the fingerprint of a particular ink sample. This enables the identification of inks used by individual artists in order to establish a timeline of their use. It also offers the opportunity to date unknown fragments by comparing the ink composition fingerprints with those of samples of known date.
 
              As XRF has the capability of detecting elements heavier than sodium, it can be used to detect elements used in the processes of manufacturing paper and parchment. During papermaking, calcium compounds such as lime (calcium hydroxide, Ca(OH)2), and chalk (calcium carbonate, CaCO3) were added to aid the process and improve colour. Paper was usually sized, that is, coated with gelatin or other glue-like materials such as wheat starch. This was to allow the ink to be applied without bleeding into and across the surface. The gelatin also had the added advantage of strengthening the paper. Alum was used to strengthen the gelatin layer. As well as these deliberately added materials, other compounds may have been present in the rags which were the raw materials in papermaking. Other contamination may have been introduced by metallic parts of the papermaking equipment, or introduced as naturally occurring contaminants in the water used in the papermaking process. These include iron, magnesium and copper compounds. Similar elements are found in parchment, with calcium being present from the lime baths used in its production, iron from the tools used and other impurities from the water.
 
              Hand-held devices are increasingly popular due to the reduction in the price of the equipment and the apparent ease of use. The capability to carry out rapid characterization of the elemental composition of cultural artefacts, non-destructively and without physical contact, is extremely attractive. And as with other portable instrumentation, they give the possibility of carrying out research on objects that are too fragile to move to a laboratory, or where the logistics and expense of transport have previously made them difficult to access.
 
              For conservators the results of XRF analysis can guide them towards better and safer treatment methodologies and improved preservation conditions. Specific research will produce publications which will lead to a general improvement in understanding library collections, to the benefit of the conservation profession as a whole.
 
              Because these portable machines have become more affordable there is an understandable increase in their use in heritage applications. Despite the obvious attractiveness of the use of XRF in libraries, there are risks associated with its wide use by operators with little experience or scientific background. The process of data acquisition initially appears to be a simple ‘point and shoot’ operation. The resulting spectra may look self-explanatory and some equipment displays an instant list of elements and percentages on an in-built display screen. This is especially true of hand-held devices which were designed to be operated by non-specialists for analysing a narrow range of materials, such as metals in a scrap yard, where separating different types of metal is the key aim.
 
              XRF data are complex, and interpreting the spectra to give robust and reliable results requires a good deal of knowledge of the underlying science, preferably backed up with experience of analysing real heritage objects. Generally, the automatically generated analytical compositional results produced by the quantification programs in-built in equipment can be misleading and have to be treated with caution. Most of these programs are designed for modern alloys which are of a different character to heritage materials. This is often due to the inherent heterogenous nature of heritage materials, depth of X-ray interaction, and methods in setting up the equipment. For example, there are specific issues in the set-up of analysing bound manuscript material as, although ostensibly a surface technique, X-rays do penetrate low-density materials such as paper and parchment, to cause elements to be detected from underlying layers of pages or the supporting material. The penetration depth of the X-rays varies depending on the object’s density and the tube voltage. Library objects often have complex layered surfaces. As a result, XRF analysis often generates deceptive qualitative and erroneous quantitative data. There has been criticism that their use is perhaps not always sensible or informed (Shackley 2010). As with any analytical technique, there needs to be some understanding of the way the apparatus works, the underlying science, and especially the limitations and risks. Incorrect or poorly informed usage can lead to the wrong identification of elements which in turn can lead to academic misinformation and at worst risk to an object by incorrect conservation or display procedures being applied. There has been an increasing stream of publications, workshops, and sessions at professional conferences in conservation and archaeology focused on hand-held XRF applications. This reflects their increased availability and usage. But authors naturally publish positive results without sufficient emphasis on the implementation and limitations of handheld XRF instruments. In response to this, a comprehensive book was published by Shugar and Mass (2012), which deals with these issues in full for all types of heritage materials.
 
              Inappropriate use is especially a concern given the broad range of materials encountered in libraries and their widely varying conditions. When materials such as paints are first applied to a writing surface, they often start out as highly complex composite materials. Often, they are inorganic-organic composites such as a combination of an organic binder with a mineral pigment, or an organic dye with a clay. These compounds become more complex after hundreds of years of natural ageing, and they often have chemically changed by either deliberate alterations (such as conservation treatments) or by degradation. This can make them extremely difficult for analysis by XRF alone. On the one hand, the XRF only picks up the inorganic part, and on the other it does not distinguish between the surface composition and the underlying bulk of the sample. XRF can still be used in addition to other techniques, i.e., as a screening technique, but only with the right research questions and a good understanding of the limitations of the technique and material under investigation.
 
              Decisions and description of appropriate analysis conditions need to be described as well as methods for identifying spectral artefacts. These artefacts are erroneous spectral features that occur in an analysis as a result of the method of analysis and the equipment used (see Pitfalls, below). When attempting quantitative analysis the selection of proper calibration standards appropriate for the materials under investigation is absolutely critical for ensuring accurate results. The design of appropriate experimental setups is essential to limit background interferences and high X-ray scatter, and attempting to quantify the errors introduced by working with the non-ideal analysis conditions imposed by non-destructive analysis (such as curved geometries, or small objects). From a human perspective, and thus most important are the serious health and safety concerns about the use of open-beam X-rays, which are subject to strict legislation. At the University of Oxford monitoring the level of scatter is compulsory during use of hand-held XRF, using a scintillation counter supplied by the University’s Safety Office.
 
              Despite the warnings about the accuracy of interpretation and the complications of using XRF analysis on layered structures, there are some occasions where a quick screening produces the desired result with no ambiguity. That is not to say that the analysis does not have to be carried out with care and understanding of the process, interferences, limitations and accuracy, but some materials do not present the major challenges found in analysing elements in leaves of books and other typical library materials. There are other materials found in research libraries where analysis is in the area of metallurgy rather than paper, parchment and pigments. These include book furniture such as clasps, hinges, and pins, and book-related materials such as the book printing plates described below. XRF has long been used in archaeology for analysing metal objects from excavations and in museums for analysing collections containing metals, so the method is well known and established (Liritzis and Zacharias 2011; Schreiner, Frühmann, Jembrih-Simbürger and Linke 2004). One feature of library material in contrast to archaeological specimens is the level of corrosion likely to be found. In metallurgical analysis the surface of an object should ideally be corrosion free. Excavated material tends to have significant corrosion caused by the burial conditions, whereas most library material has throughout its existence been kept in fairly benign conditions. Although modern storage and display conditions are designed to prolong the life of material for as long as possible, books have always been valued and looked after. Therefore, problems occurring due to corrosion are less likely, although not impossible.
 
              The availability of reference materials is critical for calibration if accurate quantification is required. These standards are commercially available for a range of metallic contents. They function in a way similar to the colour calibration charts mentioned in Chapter 4. These manufactured standards are likely to be more homogenous than the sample being analysed, so it is important to take several measurements of the unknown and then to average the results. Some reference materials, such as those used by the National Gallery of Art, Washington, have been produced specifically for the study of art objects by the Institute for Reference Materials and Measurements of the European Commission’s Joint Research Centre. The choice of standard should be based on the likelihood of its having a similar composition to the unknown material, and it should be properly certified by a laboratory working under the terms of ISO/IEC 17025, an international laboratory accreditation standard of competence.
 
             
            
              Quantitative analysis
 
              Most researchers want to know not only what elements are present in their objects, but also in what quantities. Gold is detected, but how pure is it? What are the relative percentage abundances of copper and silver? Even with the complexities above, identification of elements is relatively simple. It is much more difficult to carry out quantification with any degree of accuracy. This is particularly true of library material, where all that can be expected is semi-quantitative analysis. Semi-quantitative results refer to ball-park figures, either as the relative proportions of elements expressed as peak intensity counts, or as estimates of concentration. Quantitative data refers to the concentration of elements expressed as weight percentage or parts per million. Fully quantitative data can only be achieved for solid samples if the sample is homogenous and the surface is flat. This is not the case for most library objects which are by nature inhomogeneous. Irregular morphology, heterogeneous composition including corrosion, and surface layering will affect interpretation of the analyses. One of the complicating factors with quantification is termed enhancement. The fluorescence from one or more elements in a material may have sufficient energy to induce fluorescence in other element(s) contained in the same material. This means that as well as the fluorescence from that element caused by the primary X-rays, there will be extra or enhanced fluorescence caused by these secondary X-rays. This will obviously skew any attempt at quantification. If quantitative analysis is absolutely necessary, it must be expected that it will involve a long and arduous process and in the end the results may be no better than semi-quantitative.
 
              Some types of XRF software can calculate and compare the area of the elemental peaks on the spectrum; this is known as peak area analysis. This is a way to derive an approximation of the relative proportions and ratios of elements present. Peak area analysis can be used to find simple patterns in the data, that can be compared to the results from other objects. This may give an indication of the use of different manufacturing procedures or the sources of the raw materials. This may in some cases be sufficient for the researcher, but it is limited. It does not give absolute concentrations, but simply relative proportions of the elements, and only the proportion of elements that can be detected by XRF. So if the bulk of the material analysed is predominantly composed of lighter elements that cannot be detected, the overall absolute concentrations cannot be estimated. Carbon, hydrogen and oxygen are found in abundance in all organic materials but are too light to be detected by XRF. It is very difficult to give absolute percentage values for other elements found in parchment and paper objects commonly found in libraries. This is also true of the following standard methods for generating quantified compositional results, and in most cases the results should be treated with some caution.
 
              There are three main methods of generating quantified information on the abundance of elements from fluorescence data. These are Fundamental Parameters (FP), Empirical methods; and Compton normalization. ‘Fundamental parameters’ is a more general type of analytical method to determine elemental concentrations rather than elemental ratios. The concentrations are calculated from peak areas as described above and on the theoretical relationship between measured intensities and concentrations determined through X-ray physics. Some XRF instruments have in-built FP programs to calculate percentage data, based on the measured peak areas, factors specific to the analytical instrument, and the elements being analysed. The results are specific to a particular type of material, such as an alloy or precious metal, and are normalized to 100%. As the FP programs are calibrated by using a specific set of elements, if an object under test has a different suite of elements, the normalized quantitative results will be inaccurate. The accuracy of these programs must therefore be checked with a reference material similar to the test object. FP calibrations take into account the detector’s response to the standards, including excitation by primary and secondary fluorescence. As with peak area analysis described above, instruments may only detect elements from magnesium or silicon to uranium, and therefore common elements such as sodium and aluminium will not be reported, resulting in skewed compositional quantification, especially in library materials.
 
              A better, more accurate method of generating percentage data is to conduct an ‘empirical calibration’. The instrument is calibrated using a set of reference materials with known compositions similar to the test material. An independent set of similar reference materials is then analysed to check the accuracy of the calibration. The calibration can then be used to determine the composition of the material under analysis. It is recommended that at least 20 reference standards are used, that cover all elements of interest. Empirical methods are based on the principle that concentration is proportional to X-ray intensity, as long as beam-sample geometry and primary X-rays are constant. To create an empirical calibration, the concentration and peak intensity of each element in the standard reference samples are inputted into the calibration software, which then creates a calibration curve. The unknown sample is then analysed and the peak intensity of each element is plotted on the curve to determine concentration.
 
              The third method of quantification uses the Compton peak. A more extensive explanation of the Compton peak and associated scatter can be found later in the section on Pitfalls. In this method, an algorithm is developed from standard compounds (e.g., Fe2O3) that are calibrated against the Compton peak. The intensity and shape of the Compton peaks changes with different densities and compositions and so can be helpful in reducing matrix effects caused by varying compositions. In addition, because there is a fixed wavelength difference between the coherent and incoherent scatter lines, the Compton peak acts as an internal standard. Compton peaks can be used in quantifying elemental composition for samples of varying sizes and surface geometry. From the ratio of the size of the elemental peaks to the Compton peak, a small fragment of a sample will have the same composition as a larger sample of the same object.
 
             
            
              Case Studies
 
              XRF has been applied in a variety of cases at the Bodleian Libraries. These three case studies show the variety of research questions posed and the variety of materials that can be investigated.
 
              The first case dates back to 2006, when a cache of engraved plates was discovered during the emptying of part of the Bodleian Libraries, the eighteenth-century Clarendon Building, prior to renovation. A large box was found in the basement containing 92 pewter plates of engraved music. Investigation revealed that they all belonged to one publication, the hymnbook issued for the Lock Hospital Chapel in London, a collection that went through several editions and reprinting between 1762 and the 1820s. The first instalment of 1762 contained just twelve hymns, printed on one side of the paper, with the title A Collection of Psalm and Hymn Tunes. Further instalments quickly followed, and in 1765 a consolidated 36-page edition appeared. The Bodleian’s 92 plates represent just under half of the total involved in the final 193-page edition of c.1825. Twenty-five of the plates were new for that reprinting, but the others date from earlier stages, with four going right back to 1765. To the best of our knowledge these four plates are the earliest such plates now in existence. In addition, a further 66 also appear to be earlier than any other surviving plates. The plates measure 270 x 205 mm and weigh about 700 grams each – they are surprisingly heavy when you pick up several together. The plates are engraved right up to the edges, and the corners are rounded to prevent a sharp point cutting the paper.
 
              The metallic content of the plates was of interest, as this period in history represents a change in the manufacture of plates. The technique of engraving copper plates had been in use for reproducing works of art from the mid fifteenth century and was soon extended to maps and the like, so there was nothing problematic in printing music by this method. The most immediate advantage was that any type of music could be accommodated, so it is not surprising that lute and keyboard music were the two genres that first made use of it. It is, however, only in the closing decades of the seventeenth century that engraved music began to come to the fore. One reason for the reluctance of the music trade to adopt it generally was that copper plates were comparatively expensive, while the hardness of the metal also made it slow to engrave. Whilst this was of minor consequence for single-plate works of art or maps, a music publication with several dozen pages was a different matter. Pewter has been known since Roman times, and its constituents have varied widely, both in the elements involved and their proportions, but with tin always being the principal constituent. By the mid eighteenth century it was usually an alloy of tin and lead, plus a hardening agent of antimony and/or copper. Over time the proportion of lead in engraved plates tended to increase, since it was much cheaper than tin. This resulted in a softer plate, but from the middle of the century plates were rarely used for direct printing. They served instead only as masters for transfer in lithographic processes, so they no longer needed the same resilience as those which repeatedly had to go through a rolling press.
 
              Homogenous flat surfaced solid metal objects are the ideal material to analyse using XRF, and there were sound academic questions about the development of manufacture which could be answered by compositional analysis of the Bodleian plates. The distance of penetration of the X-rays is irrelevant as there are no layers, and the surface is composed of the same material as the material lying underneath. The analysis undertaken was amongst the first to be carried out on Bodleian objects using a handheld X-ray fluorescence spectrometer with the aim of shedding light on the alloys employed during the process of manufacture. Eighteen plates were chosen for analysis from seven different periods (1765, 1767, 1771/2, 1775, 1793, 1804/5 and 1825), so spanning the whole period of production. An Oxford Instruments XMET 8000 handheld XRF spectrometer was used for all analyses.
 
              The instrument has a 5 mm beam size which, although somewhat large, is not a problem in this experiment. The analysis was run using the inbuilt Alloy FP quantification program, which was considered to be suitable for the analysis, and with set conditions of 40 kV, 8 μA, with a 25μm iron filter. Three measurements of 60 seconds each were taken on each plate on flat, clean areas of metal free from tarnish, and the results were averaged. Quantification was aided due to the availability of the relevant British Chemical Standard Certified Reference Material, the Reference standard BCS No. 178/2 Tin White Metal (Table 6.1). This standard has a similar elemental composition to what was expected in the plates, and analysis was run using the same condition set in order to verify the accuracy of the quantification program. Results were found to be within +/- 0.5% for major elements and +/- 0.05% for minor elements.
 
              
                
                  Table 6.1:XRF analysis of reference standard BCS No. 178/2 Tin White Metal. Results expressed as elemental weight percentage.

                

                                
                      	 
                      	Sn 
                      	Sb 
                      	Cu 
                      	Pb 
                      	As 
                      	Bi 
                      	Cd 
                      	Ni 
                      	Fe 
                      	Zn 
   
                      	BCS No.178/2 target 
                      	82.2 
                      	9.5 
                      	4.6 
                      	3.2 
                      	0.15 
                      	0.11 
                      	0.14 
                      	0.17 
                      	0.02 
                      	0.04 
  
                      	Analysis 1 
                      	82.4 
                      	8.8 
                      	4.4 
                      	2.8 
                      	0.11 
                      	0.11 
                      	0.18 
                      	0.19 
                      	0.09 
                      	0.07 
  
                      	Analysis 2 
                      	81.8 
                      	8.9 
                      	4.7 
                      	2.9 
                      	0.14 
                      	0.12 
                      	0.17 
                      	0.20 
                      	0.10 
                      	0.07 
  
                      	Analysis 3 
                      	82.1 
                      	8.9 
                      	4.6 
                      	2.9 
                      	0.12 
                      	0.11 
                      	0.16 
                      	0.19 
                      	0.09 
                      	0.07 
  
                      	Average 
                      	82.1 
                      	9.0 
                      	4.6 
                      	2.9 
                      	0.13 
                      	0.11 
                      	0.16 
                      	0.19 
                      	0.08 
                      	0.06 
  
                      	Accuracy +/‒ 
                      	0.08 
                      	0.44 
                      	0.02 
                      	0.23 
                      	0.02 
                      	0.00 
                      	0.02 
                      	0.02 
                      	0.05 
                      	0.02 
 
                

              
 
              The results (Table 6.2) reveal that the plates consisted of alloys of tin, lead, antimony and copper, with or without low to trace levels of iron, zinc, arsenic and bismuth. Tin was the major alloying element in all plates, and was found at high levels of between 84% and 96%. Interestingly, two main compositional variations were observed that were indicative of two distinct manufacturing periods. The plates dating between 1765 and 1793 contained low levels of lead, around 1–4%, whereas those dating between 1793 and 1825 contained higher levels of lead ranging between 6% and 11%. Both types were found amongst the 1793 specimens analysed, suggesting that a deliberate increase in the proportion of lead was beginning to occur around this time, presumably for economic reasons. Caution, however, demands that no over firm conclusions be drawn from such a small sample of the overall plate production of the period. The trace levels of iron and other elements are such as may be expected to occur in any similar metal, especially given the practice of melting down old plates for reuse.
 
              
                
                  Table 6.2:Average XRF results of the music plates, expressed as elemental weight percentage.

                

                               
                      	Page 
                      	Date ofmanufacture 
                      	Sn 
                      	Pb 
                      	Sb 
                      	Cu 
                      	Fe 
                      	Zn 
                      	As 
                      	Bi 
   
                      	Low lead group 
  
                      	28 
                      	c.1765 
                      	91.6 
                      	2.4 
                      	3.3 
                      	1.1 
                      	0.2 
                      	0.1 
                      	0.3 
                      	0.2 
  
                      	29 
                      	c.1765 
                      	89.7 
                      	4.1 
                      	3.4 
                      	1.1 
                      	0.2 
                      	0.0 
                      	0.3 
                      	0.2 
  
                      	99 
                      	c.1767 
                      	93.4 
                      	1.4 
                      	2.6 
                      	1.1 
                      	0.2 
                      	0.1 
                      	0.3 
                      	0.2 
  
                      	104 
                      	c.1767 
                      	93.0 
                      	1.9 
                      	2.7 
                      	1.1 
                      	0.1 
                      	0.04 
                      	0.3 
                      	0.2 
  
                      	145 
                      	1771/2 
                      	94.0 
                      	1.2 
                      	2.0 
                      	1.3 
                      	0.1 
                      	0.1 
                      	0.3 
                      	0.2 
  
                      	146 
                      	1771/2 
                      	94.2 
                      	1.5 
                      	2.1 
                      	0.9 
                      	0.2 
                      	0.05 
                      	0.3 
                      	0.2 
  
                      	175 
                      	c.1775 
                      	94.1 
                      	0.9 
                      	1.8 
                      	1.8 
                      	0.1 
                      	0.3 
                      	0.2 
                      	0.2 
  
                      	176 
                      	c.1775 
                      	94.0 
                      	1.6 
                      	1.4 
                      	1.5 
                      	0.3 
                      	0.1 
                      	0.3 
                      	0.2 
  
                      	178 
                      	1793 
                      	95.7 
                      	2.2 
                      	0.1 
                      	0.5 
                      	0.2 
                      	0.5 
                      	0.1 
                      	– 
  
                      	186 
                      	1793 
                      	94.6 
                      	0.8 
                      	1.0 
                      	2.3 
                      	0.1 
                      	0.3 
                      	0.1 
                      	0.2 
  
                      	189 
                      	1793 
                      	94.4 
                      	0.8 
                      	3.1 
                      	0.6 
                      	0.1 
                      	0.1 
                      	0.2 
                      	0.1 
  
                      	192 
                      	1793 
                      	94.4 
                      	0.7 
                      	2.9 
                      	0.8 
                      	0.1 
                      	0.1 
                      	0.2 
                      	0.1 
  
                      	High lead group 
  
                      	188 
                      	1793 
                      	87.8 
                      	10.4 
                      	0.1 
                      	1.0 
                      	0.1 
                      	0.1 
                      	– 
                      	– 
  
                      	193 
                      	1793 
                      	89.4 
                      	8.7 
                      	0.2 
                      	0.9 
                      	0.1 
                      	0.04 
                      	– 
                      	– 
  
                      	13 
                      	1804/5 
                      	84.0 
                      	10.2 
                      	2.0 
                      	1.9 
                      	0.2 
                      	0.9 
                      	0.4 
                      	0.1 
  
                      	24 
                      	1804/5 
                      	85.9 
                      	10.9 
                      	1.0 
                      	0.9 
                      	0.2 
                      	0.5 
                      	0.2 
                      	0.1 
  
                      	122 
                      	c.1825 
                      	91.0 
                      	5.7 
                      	0.9 
                      	1.4 
                      	0.1 
                      	0.1 
                      	– 
                      	0.2 
  
                      	10 
                      	c.1825 
                      	91.3 
                      	6.1 
                      	0.5 
                      	1.2 
                      	0.1 
                      	0.1 
                      	– 
                      	0.1 
 
                

                Note: – indicates below detection level.

              
 
              The second case study came to light due to the interest of a visiting scholar. The Bodleian Libraries has a Visiting Scholars Centre where researchers, usually in receipt of scholarships, can carry out research into various aspects of the Bodleian’s enormous holdings of special collections. Quite often the scholars have technical questions which require technical examination and/or analysis. One visiting scholar, Dr Ilse Sturkenboom, a lecturer in Iranian Islamic Art History from the University of St Andrews, was interested in studying some of the Bodleian’s fifteenth-century Persian manuscripts on ‘Chinese’ painted paper. Dr Sturkenboom was initially interested in the pigments on a specific manuscript, Ms. Pers. e. 26, a codex dated 1437 which was purchased by the library in 1899. The manuscript was retrieved for the researcher and taken to the laboratory for investigation, but on picking up the object the most noticeable feature of the book was that it was incredibly heavy. The heaviness had been noticed previously but no attempt had been made to ascertain what was causing the heaviness. The book was weighed and found to weigh approximately double the weight of a similar size modern textbook. On turning the pages it was clear that the weight came from material in or on each leaf, but it was not possible to see if it was impregnated into or lying on the surface of each leaf. But in terms of identifying what was adding the extra weight the exact location of the material was irrelevant. When the codex is closed (apart from the cover), although the leaves are layered the book can be seen as a homogenous block, as all of the leaves are separated by a small amount of air. A flat homogenous object with a smooth surface is an ideal candidate for analysis by XRF. The Oxford Instruments XMET 8000 handheld XRF spectrometer was borrowed from the Ashmolean Museum for the analysis. As stated above, this has a relatively large 5 mm beam size which was not a problem in this experiment. The analysis was run using the inbuilt Alloy FP condition which was considered most suitable for the analysis with a condition set at 40 kV, 8 μA, with a 25 μm iron filter. Three measurements of 60 seconds each were taken from several pages and the results were averaged. The analysis showed that the manuscript contains an enormous amount of lead. This is perhaps unsurprising considering the weight, but it illustrates a surface preparation technique that is very uncommon. The result has generated great interest in amongst scholars of this type of material, even before being fully published.
 
              A third case of XRF analysis on materials from Bodleian collections, dating from around the same period as the above plates, is analysis of the botanical paintings in the Flora Graeca. This ten-volume publication published in 1806 was based on the ground-breaking expeditions of John Sibthorp and his illustrator Ferdinand Bauer to the eastern Mediterranean in the late eighteenth century. The aim of the analysis was to characterize the pigments used by Bauer (1760–1826) in his ‘painting by numbers’ system, in which Bauer recorded colour information about specimens by annotating preliminary pencil sketches with numerical colour codes and then painted the sketches at a much later date by referring to a colour chart.2 The XRF analysis was conducted as part of a wider scientific characterization survey of Bauer’s work at the Bodleian Libraries, using hyperspectral imaging and Raman spectroscopy. XRF was used to confirm the compounds identified using Raman spectroscopy, and also to identify the colouring elements in the green, blue and yellow pigments that did not have a Raman signature (Mulholland et al. 2017).
 
              Qualitative analysis was conducted with an Oxford Instruments X-MET 8000 series light element hand-held XRF analyser with a 5 mm beam size in the Heritage Science Department at the Bodleian Libraries. The instrument was run using the dual condition set of 8 kV and 50 µA, and 40kV and 8µA so, that light and heavy elements ranging from magnesium to uranium could be detected. Penetration depth was likely to be in the region of 2 cm, depending on the element, so a non-fluorescing background plate (supplied by the manufacturer) was placed behind each page to prevent detection of elements from the pages below. As some pages had paintings on both sides, measurements were only taken on areas that did not have paint on the opposite side. Because the paint was applied in thin layers on the surface of the paper, results were taken to be representative of the paint and paper substrate. A measurement of the paper substrate from each page was therefore taken and spectra from the paint and paper were overlaid in order to ascertain which elements derived from each component. Given the relatively large size of the beam, large areas of colour of measuring 5 mm in diameter or more were selected for analysis. The analysis areas were imaged using an in-built camera in the instrument (Figures 6.3 and 6.5). In some instances, it was not possible to target an individual colour, as two or more colours were present in close proximity. In these cases, a note was taken of the adjacent colours to enable a more detailed interpretation of the spectra.
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                  Figure 6.3: Flora Graeca drawings, vol. 2, folio 40 (© Bodleian Libraries, University of Oxford).

               
              Results are displayed as spectral graphs in Figures 6.4 and 6.6, with an accompanying list of the principal elements detected in the paper and in each paint colour. The analysis areas are shown in the images below, with a cross-hair scaled to 1 mm. As the beam size is 5 mm in diameter, the area analysed is approximately half the size of the displayed image.
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                  Figure 6.4: XRF spectra of Flora Graeca drawings, vol. 2, folio 40 (40 kV). Paper (black line) contains Pb, Ca, Ba, Fe, Co, Ni, Cu, Al, Si, Mn, As, and Zn; green colour (green line) contains Pb, Cu (includes elements detected from dark outline); yellow colour (yellow line) contains Pb, Cu (with Sb and Fe at background level; results reflect elements from underlying white and brown) (© Bodleian Libraries, University of Oxford).
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                  Figure 6.5: Flora Graeca drawings, vol. 2, folio 148 (© Bodleian Libraries, University of Oxford).
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                  Figure 6.6: XRF spectra of Flora Graeca drawings, vol. 2, folio 148 (40 kV). Paper (black line) contains Pb, Ca, Ba, Fe, Co, Ni, Al, Si, Mn, Cu, As, and Zn; blue colours (dark blue line, Blue 1; light blue line, Blue 2) contain Pb, Co, Fe, Cu (results reflect elements from adjacent white and dark outline) (© Bodleian Libraries, University of Oxford).

               
              The XRF spectra in this project were combined with Raman spectroscopy and hyperspectral imaging to identify and map the different pigments used. Even though Bauer had a wide variety of numbers in his recording system, which reflects a wide variety of colours, the number of pigments turned out to be limited. These results could also be compared with later drawings by the same artist, showing that he changed his painting technique and that he started to use a different set of pigments (Mulholland et al. 2017).
 
             
            
              Pitfalls
 
              In addition to the characteristic and diagnostic elemental fluorescence peaks of interest described above there are many factors which can complicate interpretation. These factors can be as a result of the way the analysis is set up, or due to the other ways that X-rays interact with the sample and the XRF instrumentation. These include taking into account the depth of penetration in the setup of analysis in layered structures, and interferences from Bremsstrahlung radiation, Raleigh and Compton scattering, sum peaks, escape peaks, Bragg or diffraction peaks, and elemental line overlap and mass absorption. These can all influence the interpretation (or misinterpretation!) of compositional data, and therefore they need to be identified and understood by the analyst prior to quantification.
 
              The types of layered structures frequently encountered in library collections present a challenging undertaking for spectral interpretation in heritage research. Trentelman, Schmidt Patterson and Turner (2012) discuss the investigation of illuminated manuscripts using XRF in the comprehensive book on hand held XRF in art and archaeology which was written in response to concerns about the use and misuse of the technique. They outline the importance of interdisciplinary working with scientists working with curatorial and conservation professionals. They also describe the importance of building custom supports to ensure the safety of objects during analysis. In the same volume the intrinsic difficulties of the elemental characterization of works of art on paper are also discussed by Barrett et al. (2012). This includes obtaining data from both sides of the page simultaneously, and they make recommendations to help researchers glean as much information as possible from the data collected. Many of the problems are related to the depth of penetration into the material. XRF is described as principally a surface analysis technique. But this is not entirely the case. The amount of X-ray fluorescence detected from materials below the surface, and how far below, depends on the primary beam intensity, the density of the substrate and the elements detected. The depth of the material that will produce detectable X-ray fluorescence does not just depend on the penetration depth of the primary X-rays. The fluorescence, secondary X-rays will always be less intense and therefore less penetrating. So even if the primary X-rays can penetrate to a depth and produce fluorescence it may be that the secondary X-rays generated at this depth are below a particular depth (escape depth) from which they cannot escape from the sample. Escape depth varies by atomic number and matrix, typically a few microns for lighter elements (e.g., sodium) and several hundred microns for heavier elements (e.g., lead or tungsten). So for most common applications, such as analysing solid metals, ceramics, and fairly dense materials XRF is generally limited to analysis within usually much less than 1 mm of the surface.
 
              This is not the case when attempting to analyse library material with thin layers, such as leaves from a bound volume. These leaves are not only thin but also low density, so the X-ray beam can penetrate further into the substrate material and the escape depth may be more than the thickness of the leaf, or even a number of leaves. Thus the results may represent a mixture of one or more leaves. The depth from which interfering fluorescence may be detected will vary depending on the thickness and composition of the layers and the characteristics of the individual XRF spectrometer. To avoid detecting fluorescence from underlying pages, ideally each folio should be completely isolated for examination by suspending it in such a way that there is nothing behind the area being excited (apart from air). For bound manuscripts, this may not be feasible without subjecting the manuscript to unacceptable risk of damage. Fortunately, however, in most cases it is safe to slip a thin sheet of an absorbing material under the folio to be examined. Materials with low atomic numbers to isolate the folio of interest, such as Perspex or Teflon, are readily available, although the shielding is not uniform across the entire emission spectrum. Lack of consistency of the material being analysed will reduce the reliability of the results, and several readings should be taken from around the same area and the results averaged. In order to make useful interpretations, results must be compared against a database of established materials or preferably by conducting XRF analyses of comparable reference objects. Published databases can be found in academic journals such as Archaeometry, Journal of Archaeological Science, and X-ray Spectrometry.
 
              There are several other sources of radiation that may show up in spectra and can confuse interpretation. Background (also termed Bremsstrahlung or continuous) radiation is background noise that appears in the spectrum as a feature of the analytical equipment. This results from collisions between the electrons generated in the X-ray tube and atoms of the anode material. As electrons strike the anode, X-rays are produced. A series of collisions is produced, each with a different loss of energy, producing a broad spectrum of X-ray energies. The background needs to be subtracted from the peak intensity at each characteristic line. Problems arise with trace elements, as characteristic lines are indistinguishable from the background. Metal thin-film filters for primary radiation can be used to remove intense background lines as well as improve fluorescence and remove peak overlap.
 
              Rayleigh and Compton scattering are due to interactions with the sample. These scattered X-rays may also be detected and appear as peaks in the resulting spectrum, and are also termed ‘tube lines’. Rayleigh scattering, also termed coherent or elastic scattering, is produced when incident X-rays are deflected from the surface of the sample and detected by the instrument without losing energy in the process. These elastic X-rays appear on the software spectra as characteristic peaks of the metal that makes up the tube anode. Compton scattering, also termed incoherent or inelastic scattering, is produced from the same process as elastic X-rays, but some of the energy is given up to the electrons in the sample. The loss of energy appears in the spectrum as broader peaks of the anode element at a lower energy than the Rayleigh scatter. For less dense materials such as paper and parchment the incident X-rays penetrate a greater volume, resulting in a greater probability for inelastic scattering and a broader Compton peak.
 
              In addition to tube lines, three other types of peaks appear on XRF spectra that can be confused with characteristic lines and potentially impinge upon the interpretation of the results: sum peaks, escape peaks and Bragg or diffraction peaks. Sum peaks are produced when two characteristic X-rays reach the detector at the same time and are registered as a single X-ray with an energy equalling the sum of the two peaks. This can cause a problem when the sum peaks overlap with other characteristic lines and can lead to elemental misinterpretation; for example, lead sum peaks overlap with cadmium and tin lines. Escape peaks are artefacts due to the detector and are created during the interaction of strongly emitting characteristic X-rays with the silicon detector. When characteristic X-rays strike the detector the silicon fluoresces, but some of the fluorescence escapes and is not collected by the detector. The result is a peak appearing in the spectrum at the energy of the detected characteristic X-ray, reduced by the energy of the silicon peak, 1.74 KeV. Take the example of a sample containing copper but which may have trace amounts of iron. Copper has its major peak, Kα, at 8.05 KeV. If there is an escape peak from the copper this will have an energy of 8.05–1.74 KeV = 6.31 KeV. This may mask the iron Kα peak which has a very similar Kα of 6.4 KeV, or be wrongly interpreted as the presence of iron when none is actually present. Bragg, or diffraction, peaks may occur in the spectrum during the analysis of crystalline materials such as metals, minerals and pigments. These peaks can be identified by changing the orientation of the object under analysis, which will cause the peak to shift position or disappear entirely.
 
              When analysing a material that is composed of a large number of elements, a series of effects may occur that give rise to complexities in interpreting the resulting spectrum. These are collectively known as ‘matrix effects’, subdivided into peak overlap effects and mass absorption effects. Peak overlap occurs when two different elements have characteristic lines in the same energy region. In order to quantify overlapping elements, various types of deconvolution software can be used to ‘strip’ overlapping peaks. In cases where deconvolution software is not available, or is sufficiently sophisticated to provide accurate quantification, the ratio of the peak heights of elements can be used to provide a semi-quantitative analysis.
 
             
           
          
            6.2 Scanning XRF, X-Ray diffraction and other techniques involving X-rays
 
            While XRF is being used extensively to identify elemental compositions of library materials, other X-ray based techniques do not seem to be applied in this field. In part this is due to the nature of the techniques themselves, as they may require sampling. The energy sources that these techniques require often require special safe and secure laboratories to which libraries would be reluctant to send material, and the nature of the radiation may itself potentially damage objects. These techniques tend to offer answers to very specific questions, some of which are not necessarily the questions asked of library materials. Some of these techniques and recent developments may allow them to be of interest to future investigations.
 
            
              Open-beam scanning XRF
 
              X-ray scanning was mentioned as a technique possible in benchtop equipment. Open-beam scanning XRF is an increasingly employed technique to visualize underlying paintings in painted works of art. The technique has been developed for mapping objects too large to fit in the relatively small chambers in the conventional benchtop machines. It has been used in the National Gallery and the Courtauld Institute in London, the National Gallery in Washington, and in the Rijksmuseum, Amsterdam; so while perhaps not in general use it is an increasingly popular method. This technique combines the basic workings of XRF as described above, but applies it in such a way that the sensor moves over the surface, thus mapping the elemental distribution. Because X-rays have a high level of penetration, it also allows mapping of subsurface elemental features, so the technique has been widely applied to painted canvases that had been re-used by their creators. Since most paintings, especially oil paintings, contain high levels of heavy metals, mapping these elements effectively maps the pigments in the paints. Initially, the high-intensity X-ray beam needed to get the spatial resolution required meant that synchrotron radiation was needed (Dik et al. 2008) and that the paintings had, therefore, to travel to synchrotron laboratories, such as at CERN. Scanning XRF is now possible with portable equipment, allowing the investigation of works of art in situ (Alfeld et al. 2011; Alfeld et al. 2013). Scanning XRF has proved valuable for art historians and art conservators but it has not been used much in the library world. Perhaps this is due to the high cost of the equipment and the health and safety concerns around an open X-ray beam. Also, not many library materials contain enough objects with a true layered structure in the same way as do paintings to merit the expense. One area where XRF scanning has proved to be very useful is in the detection of iron-gall ink traces on palimpsests. The iron is heavy enough that it is easily detected even in trace concentrations after it has been removed. Mapping these areas allows the recovery of such palimpsests. Stanford Synchrotron Radiation Lightsource was used for carrying out XRF imaging on the famous Archimedes Palimpsest (Bergmann 2007). The re-use of parchment is not confined to palimpsests. Quite often books have been bound in recycled manuscripts. Scanning XRF has been shown to be an excellent technique to investigate the hidden fragments in such bookbindings (Duivenvoorden et al. 2017; Pouyet et al. 2017).
 
              A benefit of scanning XRF is that it reduces the possibility of an erroneous result. If you take a single measurement of a single point, you do not know if that measurement contains high levels of contamination and as such is not representative of the surface as a whole. If you make a scan of a larger area, any anomalies will be much easier to spot and to explain (Targowski et al. 2015). It goes without saying that scanning XRF takes much more time and results in much more data than a single-point analysis. It is therefore important to determine whether the question asked truly requires the application of this technique.
 
             
            
              X-ray diffraction
 
              Although this technique also uses X-rays, that is where the similarities end. X-ray diffraction is a way to study crystal structures of solid materials (Cullity and Stock 2001). As was discussed in Chapter 3, some materials exhibit crystalline structures that cause light to move through them in a particular manner. That is the basic principle for polarized light microscopy and is also what underpins X-ray diffraction. For this technique a sample needs to be taken, which is one of the reasons why it is not often applied to library materials. The sample is ground down to a fine powder which is then placed in the path of an X-ray beam of known wavelength. Each particle in the powder can be seen as a mini crystal with its own crystal structure. By powdering the sample you ensure that some of these crystals will always be in the right orientation for X-rays to hit them at exactly the right angle so that they are refracted in all the planes of the atoms in the crystal structure (Callister and Rethwisch 2007, 66–68). This creates a pattern of refracted X-rays that can be recorded. This pattern is characteristic for the minerals in the sample. The intensity of the patterns created is indicative of their relative abundance, thus giving quantitative information. Quite obviously, this technique only works on crystalline materials, so its use for library materials in generally limited to the realm of pigment identification. It is, however, quite a powerful technique, so when samples can be taken a lot of information can be gained also from library materials, especially if XRD is combined with other analytical techniques (Hajji et al. 2015). Non-destructive techniques such as Raman spectroscopy remain the most popular techniques in libraries.
 
             
            
              Other possibilities
 
              There is a still wider range of X-ray based techniques than XRD and XRF in all their forms. For the first of these we have to consider the statements in Chapter 3 about scanning electron microscopy (SEM). In this technique a beam of electrons is bounced off the surface to reveal the surface structure. However, this straightforward reflection is not the only interaction between the electrons and the surface (Pollard et al. 2007). As with XRF, if the electrons have enough energy they can cause the electrons of inners shells of atoms to be dislodged. An electron from an outer shell drops to fill this gap, releasing excess energy as a fingerprint for that particular atom. As a type of secondary effect of SEM, it has all the benefits and downsides of that technique. So samples need to be placed in a vacuum, but the beam size and thus the investigated area can be extremely small. It is, furthermore, relatively easy to focus the beam using magnetic fields, since electrons have an electric charge.
 
              A variation of this technique is Proton Induced X-ray Emission, PIXE. This technique is again similar to XRF, but rather than using X-rays or electrons it uses protons to achieve emission of X-rays. One advantage of this is that because the protons are much heavier and have a higher energy, this technique does not require the sample to be in a vacuum. It is also better able to detect lighter materials (Pérez-Arantegui, Querré, and Castillo 1994). You might expect this to be the answer to many of our problems, but although PIXE is applied in cultural heritage, the instrumentation required is limiting. It requires a particle accelerator (De Viguerie et al. 2009), and those are not standard equipment for libraries, although smaller models are becoming available (Mando, Fedi, and Grassi 2011). Other particles are sometimes used to bombard samples and gain insight into their composition. With these techniques we are getting further away from what is possible and even desirable when working with library materials.
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            Notes

            1
              For a complete introduction into elemental structures and electron shells see Callister and Rethwisch (2007).

            
            2
              see http://www.bodleian.ox.ac.uk/bodley/news/2014/sep-16. Accessed 22 November 2019.

            
          
         
      
       
         
           
            Chapter 7 3D scanning and imaging
 
          
 
          Despite the fact that most library materials – such as pages in books, maps, letters, and archives – appear as flat surfaces, there is often a degree of three-dimensional morphology to them which can yield interesting and useful information for conservators and researchers. Such information can include alterations which have changed the surface, evidence of manufacture, signs of damage and use of the object. There are a multitude of techniques to register 3D space and the shapes of objects. Depending on the scale of the subject of investigation, different approaches are feasible (Remondino 2011). Three techniques are described here which are thus each applicable to library materials and have been used in the Bodleian Libraries. While they are all used to record 3D features, each has its own advantages and disadvantages (Caine and Maggen 2017).
 
          
            7.1 Laser scanning
 
            The first of these techniques is laser scanning. This technique is based on a principle that may be encountered in your own home. The modern builder no longer carries around a flexible metal tape-measure, but instead uses a laser tape-measure. Such a device is placed on one end of, for example, your old bathroom, and a laser beam is shone onto the far end to measure the size of the space. At the press of a button the distance is measured, based on the time it takes for the laser to travel that distance and be reflected back.
 
            
              Background
 
              3D scanning is often employed in the study of architectural features, including the study of archaeological sites. There is generally a different approach for the measurement of large spaces, such as entire buildings or landscapes, than there is for smaller object scans. The first laser scanners were applied in the fields of astronomy and meteorology, i.e., to measure objects very far away. This is not surprising, because it takes a sensitive sensor to be able to use them at close range. In the case of landscape imaging, one of the earliest applications of laser scanning to cultural heritage started in the mid 1990s in the form of LiDAR (Light Detection And Ranging) (Doneus and Briese 2006; Lasaponara, Coluzzi, and Masini 2011). In this approach, a laser scanner is mounted below an aeroplane or helicopter. The scanner takes point measurements as it flies over an area, generating a point cloud which reflects the distance to the ground. One of the most attractive features of this approach for archaeology is that a distinction can be made in the point cloud between points that are due to foliage and those that reflect the ground level. This effectively means that you can look through the branches of trees and see elevation features that are invisible in, for example, aerial photography. Archaeological sites become much easier to spot, especially in the dense vegetation of tropical areas such as at Angkor Wat (Evans and Fletcher 2015; Stark et al. 2015) or in the tropical Maya area (Chase and Chase 2017; Garrison, Houston, and Firpi 2019; Inomata et al. 2017).
 
              3D laser scanners use laser technology to deliver highly detailed 3D documentation in the form of a series of point measurements. There are two ways in which lasers can be employed for recording the point clouds. Pulse scanners use what can be considered to be the most straightforward time-of-flight (ToF) technology. As with the laser tape-measure, a pulse of laser light is emitted and the time it takes for the return flight is measured. The distance is calculated from a simple formula involving the recorded time and the speed of light (d = ct). Phase-comparison scanners offer similar accuracies to pulse systems, but calculate the range to the target differently. A phase-comparison scanner bases its measurement on the phase differences between the emitted and returning signals rather than directly measuring ToF (García et al. 2008).
 
              A third type of laser scanning is triangulation scanning. This technique works somewhat differently and is more useful for smaller objects than it is for large architectural or topographical features. The 3D coordinates are calculated by triangulating the position of a spot or stripe of laser light to provide contact-free high-resolution 3D data from the surface of fairly flat objects. The system generally utilizes digital cameras and a laser to record the information. The scanner records an object by projecting a line or a grid onto the surface of the artwork. As this projected shape moves over the surface, the pattern is distorted by the three-dimensional surface features. The pattern is recorded by multiple cameras placed at an angle to the surface so they can optimally record the shifts in the pattern.
 
             
            
              Equipment
 
              The method used in the Bodleian Libraries for laser scanning is a type of triangulation scanner. The Lucida 3D Scanner is a non-contact laser system designed to record the texture and surface of paintings or low-reliefs at high resolution (up to 100 microns), creating datasets for study or for re-creations. The 3D coordinates are calculated by triangulating the position of the stripe of laser light to provide contact-free high-resolution 3D data from the surface. The scanner records the object by projecting a thin strip of red laser light onto the surface of the artwork. As the strip moves over the surface it is recorded by the two cameras which are positioned at an angle of 45° on either side of the laser line. The alterations of the straight line produced by the three-dimensional surface are recorded and stored as data files. In the case of the Bodleian scanning carried out by Factum Arte, the files are stored as raw black-and-white video which can be rendered to produce an image or converted into 3D information (Figure 7.1). The scanner moves parallel to the surface plane of the object, controlled by linear guides, and is always at a fixed distance from the surface. Point resolution is 10,000 points per cm2.
 
              
                [image: ]
                  Figure 7.1: Result of 3D scan (below) of the Gough Map (above) in the Bodleian Libraries (© Bodleian Libraries, University of Oxford).

               
             
            
              Uses
 
              The Bodleian Libraries possess four Herculaneum scrolls which arrived in at the library in 1810. They are rare survivors of the eruption of Mount Vesuvius in AD 79, which buried both Herculaneum and Pompeii. The papyrus comes from a scroll found in Herculaneum, an ancient Roman resort on the Bay of Naples, Italy (Sider 2005). The scrolls represent the only intact library known from the classical world, an unrivalled cache of ancient knowledge. The tremendous heat of the volcanic ash and gases from the Vesuvius eruption carbonized the scrolls, turning them black, crispy and extremely fragile. Various unsuccessful attempts have been made to open some of the scrolls, which have only exposed the odd letter of text, while at the same time destroying the scrolls. Therefore, most of the remaining papyri have been left unopened, with no optimism that their contents would ever be revealed. One of the four papyri in the Bodleian, known as P. Herc. 118, was sent to Naples as early as 1883, to be unrolled using a special machine created specifically for the purpose. It unfortunately came back as fragments which were glued onto tissue paper and mounted behind glass in 12 wood frames (Figure 7.2). The surface of these ‘objects’ is complicated because of the broken and layered structure, but some of the letters can be just made out with the naked eye. It was decided, as part of a larger project led by Brent Seales (Seales, Griffioen, Baumann, and Field 2011) from Kentucky University, to try to reveal more text using 3D scanning.1 The aim was to reveal where layers begin, overlap and end. This would be in combination with hyperspectral imaging to make the writing clearer.
 
              
                [image: ]
                  Figure 7.2: The Herculaneum scroll P. Herc. 118, unrolled in 1883 (© Bodleian Libraries, University of Oxford).

               
              For this project an Artec Space Spider 3D scanner was used. It is called a ‘spider’ because it has an arrangement of different lenses which make it resemble the eyes of a spider, although the Artec Spider has five instead of eight eyes. It uses blue LED lights for illumination and can scan a variety of objects in high resolution. The ‘eye’ in the centre of the equipment is an RGB camera, encircled by LED flash bulbs for capturing textures. The second ‘eye’, in the bottom-right corner of the device, is a blue-light pattern projector. This projects a blue grid onto the surface. Where most structured light scanners have two cameras to record this pattern, the Space Spider has three, at various angles and depths. These cameras are the final three eyes of the scanner. This scanner has a resolution of 0.1 mm (with an accuracy of 0.05 mm). The combination of the recorded three-dimensional surface and the RGB image allows a three-dimensional model to be built, which can be viewed from any angle. This, combined with the ability to enhance the image digitally and thus increase the legibility of the texts, makes this a very informative technique (Figure 7.3).
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                  Figure 7.3: Detail from P. Herc. 118: the visible image, laser image and enhanced laser image revealing the letters (© Bodleian Libraries, University of Oxford).

               
             
           
          
            7.2 Photogrammetry
 
            When photogrammetry is used as a technique for 3D modelling, multiple overlapping photographs are taken from which measurements are derived to create the models of single objects or of entire scenes. The basic principle is quite similar to the way many cameras these days allow you to create a panorama, by stitching together overlapping photographs into a 2D mosaic. The basics of this technique are rather simple and it is a technique that allows you to construct a 3D model relatively easily. If you want to make a good 3D model however, which can be used for further scientific investigation or recording, it requires time and practice, as well as decent equipment and standards.
 
            
              Background
 
              Photogrammetry takes the concept of a panorama photograph one step further by using the position of the camera as it moves through 3D space to estimate X, Y and Z coordinates for each pixel of the original image in a three-dimensional point cloud. The name photogrammetry itself is a little confusing as it has also been used to describe a technique that is as old as photography itself. The original use of the term refers to the process of making distance measurements based on photographs. This was originally developed around the 1850s and applied to archaeology as early as 1885, when Persepolis was measured photogrammetrically (Guery, Hess, and Mathys 2017; Li, Chen, and Baltsavias 2008, 364). At this stage it was clearly not yet a technique to make 3D models, but rather a measuring technique of large features based on photographs from different angles, including aerial photography. A method of turning multiple images of the same object into a 3D model was first developed by Debevec (1996). Today a diverse range of photogrammetry programs is available, both commercially and as open-source software. As is often the case in academic research, many of these software packages were made within the course of specific research projects. Since none of these projects has as its main concern the development of user-friendly software, many of the open-source packages can be quite complicated to use. Also, they do not all have the same capabilities. In the end you often get what you pay for and the commercial software is (unfortunately) often further developed, easier to use, and produces better results.
 
              To make a 3D model, all that this technique requires is good photographs of the object. Mudge et al. (2010, 134) define good photographs as “a series of sharp pictures that have uniform exposure, high contrast, and fill the frame with the subject”. It is here that the difficulty lies in this technique, as you need to be able to keep control over the lighting conditions at the various angles from which you take the picture. Next to the quality of the pictures, it is also important that the pictures cover the entire object and that pictures overlap with each other enough. This is because the photogrammetry software works by finding marking and matching significant points of overlap in multiple pictures. If there is no picture of a section, or there is no significant overlap, no points can be detected in that area and the model will have a hole.
 
             
            
              Equipment
 
              All you need for this technique is the normal equipment to make professional photographs and a computer with the right software to process them. The minimal equipment for photography, as noted in Chapter 4, consists of a camera, something to record the scale and ideally something to calibrate the colour of your photograph, i.e., a colour chart. This is assuming that you have appropriate lighting, otherwise you will have to provide a light source as well. If you use a static light source that illuminates the object only from one side, shadows will appear in the final model. The computer may construct these shadows as surface texture, interpreting the surface at these locations as darker-coloured. On the other hand, if you use a light source that continuously moves with the camera, such as the integrated flash of the camera itself, a different problem may occur. In every picture surface shadows now appear different, which will make the final product appear more blurry. The best option then is to work in lighting conditions that illuminate the object as uniformly as possible. There is a clear relation between the quality of the photographs and that of the model. However, that same correlation exists between the size of the data input, i.e., the number and size of the photographs, and the time it takes to render the model.
 
              Rendering the 3D model consists of four steps. First the photographs need to be aligned. The software establishes points of comparison between the different photos (for an overview on the mathematical principles that underlie this see Luhmann et al. 2014). Here you will already see if the photographs used are adequate, as a low point count means your photographs do not overlap enough for the software to work with. Typically you will need at least a few thousand points, but a series of well taken and detailed photographs result in tens of thousands of points (often the software allows the selection of an upper limit for this point count which limits the processing time). Once the images are aligned the software will display the position from which, it has calculated, the photographs are made in relation to the object. In Figure 7.4 these positions are given by blue rectangles around a rough representation of the captured object, in this case a mosaic-covered Mesoamerican skull.
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                  Figure 7.4: First operation in photogrammetry, determining the position from which each photograph was taken (© Ludo Snijders).

               
              The next step is to create a point cloud. In this step the point of comparison that were just used to align the photographs are plotted in three-dimensional space. These points form the basis for your model. Once they are plotted it is very useful to inspect the point cloud and remove any invalid outliers. This is especially useful if you are making a model of a larger object, or if you are making a model of something you cannot capture under ideal circumstances, as for example when it still on public display. In those cases the photographs will not be ideal. Some images will capture part of the background of that space, which may generate points as well. None of that information is relevant for the model, but it all takes up computational power. Once the point cloud is cleaned up, you have the option of creating a dense point cloud. The software infers numerous intermediate points between the points of the basic cloud. Depending on the software, the quality of your computer and the amount of points in the basic cloud, this dense cloud can come to contain many tens if not hundreds of thousands of points. Figure 7.5 represents the dense points cloud of the mosaic skull Creating such a dense point cloud, especially at high settings, can take hours.
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                  Figure 7.5: Constructing a dense point cloud (© Ludo Snijders).

               
              From the point cloud, a third operation is to construct a triangle mesh. By connecting the points in the cloud a wire frame of the object is created. The lines between three points form a triangle which is a surface onto which the colour texture can eb projected. The smaller the triangles, the better the three-dimensional structure of the object will be. Projection of the texture forms the final operation and yield the end result (Figure 7.6).
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                  Figure 7.6: 3D model of a Mesoamerican mosaic-covered skull made using photogrammetry (© Ludo Snijders).

               
              The texture is essentially just a flat image, based on the average colour of all the photos, which is projected on the flat surfaces of the triangles in the mesh. If some of the photos contain sections of the model that are blurry and out of focus, this is where you will see it most clearly. It is, therefore, best to inspect your photographs carefully before you start the process of rendering, as it is a waste of time if you build a model based on blurred pictures.
 
              In cases where series of objects need to be imaged it can be very useful to gain access to a device that fixes the position of the object in relation to the camera and the light source. One of the methods would be for items to be placed on a turntable within a lightbox and then either videoed or rapidly photographed as they rotate. A version for flat art was also available. The digital files were then uploaded almost instantly to a connected laptop, on which a software package used these recordings to produce a 3D model that can be embedded into an online catalogue. The technology used to produce these models is becoming cheaper, smaller and simpler each year.
 
             
            
              Uses
 
              The Bodleian Libraries recently acquired a rare fifteenth-century French Gothic coffer, one of the largest surviving examples of a late medieval box used for transporting precious books. The coffer went on view as part of a display at the Bodleian’s Weston Library called ‘Thinking inside the Box’. The display featured bags, books and carrying cases that have been used to transport books through the ages.
 
              As part of the display the Oxford Internet Institute created a responsive 3D online model of the object (Figure 7.7) using photogrammetry. The model has been made available for viewing by the public via the Cabinet website2– the Oxford’s new platform which is being developed to create a digitized version of the University’s museum collections to benefit teaching and research. While the focus of the Cabinet project is educational, its development underlines the recent advancements made in this area, which have already crossed over into the commercial world.
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                  Figure 7.7: Images taken from the 3D model of a fifteenth-century Gothic coffer (© Bodleian Libraries, University of Oxford).

               
             
            
              Pitfalls
 
              A few things to take into account when making a photogrammetric 3D model are worth mentioning here. The number one priority when using this technique is that the photographs used are taken correctly. Lighting, exposure, contrast and focus are all relatively easy to control, if the camera and light are set up properly. However, it is also essential that a minimum of 60% and ideally 66% of an image overlaps with others. This allows every point in a photograph to be fixed in at least three photographs. This overlap is required in all directions, which can be quite difficult to maintain over the course of a large imaging session. It may be at times useful to measure out from which point and from which height the pictures need to be taken. It is always better to be on the safe side and use more pictures than you need, rather than ending up with a model that has holes in it. In some cases holes cannot be avoided, simply because you cannot see a certain area from the angles you are photographing. Often this results in the computer making very odd assumptions, sometimes filling in the blanks with background colours. A good example of this can be seen in the mouth of the skull in Figure 7.4, which has been given a blue-grey colour taken from the background, because not enough information was available.
 
              Dark colours on the surface of a model may be understood by the computer to be shadows. As a result it may create an indentation at that spot even though one does not exist. There is also an issue with highly reflective material: as these reflections are registered differently in each photograph, the software will find it difficult to decide what to do with these areas. Often these areas turn out rather blurred. This may become an issue when illuminated manuscripts are imaged.
 
              The combination of the texture and the wire mesh model makes the model appear highly detailed. Much of this is our brain tricking us into seeing surface details that are actually not there. For example, the brush strokes on a painting may appear to be part of the 3D model, but in fact they only exist as part of the texture that is projected onto the surface. In other words, if you were to try to make a 3D print of such a model, it would result in a rather coarse bumpy surface, with some flat coloured lines to represent the brush strokes. To get around this, you can use a macro lens and record the surface in more detail in individual segments. You have to make sure however, that you keep a tight control over focus and overlap of images. Also, this increase in number of images again means an increase in required computer time for rendering.
 
              When you wish to try to print a model like this in 3D, it is also important to understand that in itself it does not have a volume. The wire mesh represents a two-dimensional surface but does not have a depth. This is especially clear in the box of Figure 7.7, which had been imaged from the top and sides, but not from the bottom. The result as seen in the second image here is that the bottom is transparent. For the presentation this is actually an advantage as you can now see the image on the lid much more easily, but a 3D printer will need further information on the volume. In that case you will need to close the remaining gaps manually and fill in the volume using one of the many 3D-modelling programs available.
 
             
           
          
            7.3 Reflectance transformation imaging
 
            The third 3D technique employed at the Bodleian Libraries is Reflection Transformation Imaging (RTI). This is a technique for enhancing surface details on objects by combining digital images taken of exactly the same spot on an object, lit from different angles. It is in effect a computerized version of the use of raking light described in Chapter 1. Unlike the two previously discussed techniques, RTI does not construct true 3D models, but is focused on detecting variation in one plane. It therefore uses a camera fixed in a single position, perpendicular to plane of detection. Rather than moving this camera around the object, it is the light source that is moved and which causes the surface to look different in each shot, highlighting the surface texture.
 
            
              Background
 
              RTI is a relatively new and dramatic addition to the array of tools for inspecting objects. It was invented by Malzbender, Gelb, and Wolters (2001), research scientists at Hewlett-Packard Labs, and described in a landmark paper describing these first tools and methods under the name of Polynomial Texture Mapping (PTM). Although the terms RTI and PTM are applied rather haphazardly in the literature for the same technique, PTM is actually just one component of RTI. RTI is a range of image-based recording techniques where multiple images are taken of the same surface lit from different positions. PTM is the computational method for rendering the reflectance data to produce interactive images. Using a specially developed algorithm, the computer program RTIbuilder synthesises the images, compiling all of the information into one file (Duffy 2013).
 
              The polynomial texture map (PTM) computer file can be viewed using dedicated viewing software, such as RTIviewer, which allows the user to light the object interactively in different ways, revealing surface detail. The enhanced legibility of surface relief provides a powerful resource for the study of faint surface detail. Since 2001 RTI application development has progressed, and practical use refinement is continuing. Many new RTI tools, methods, and uses have emerged. A large part of today’s RTI software and related methodologies were constructed by a team of international developers including the Archaeological Computing Research Group at Southampton University, and the British Museum. A main benefit of RTI is that the software for building a file and the software for viewing the constructed file can simply be downloaded from the Cultural Heritage Imaging (CHI) website.3 The impressiveness of these interactive images does not translate well to paper prints and really needs to be experienced using a computer using RTIviewer. A number of dramatic examples can be found on the CHI website.4
 
              Because of the free availability of the software and the relative low cost of the setup, RTI is rapidly becoming a standard method of inspecting objects. A starter kit can be put together for around £500, or even less if you already have a good-quality digital camera. With higher-resolution cameras the results will be more impressive, so the apparatus can be upgraded as finances allow. The method is also popular because it is non-invasive, non-contact and non-sampling. Also, the results do not need much postprocessing, so impressive and informative results are normally available immediately.
 
             
            
              Equipment
 
              As with photogrammetry, the most important aspect of RTI for the creator is image capture.5 In many ways the image capture is the same as described in Chapter 4, for in reality this is simply taking multiple good photographs using different lighting scenarios. A greyscale, measure and colour checker are recommended during the capture procedure as calibration methods. The most important and expensive part of the imaging process is the digital camera. Because of the nature of the RTIbuilder software, the camera must be able to use the RAW file format. This allows for the image to be adjusted before loading into RTIbuilder if necessary. The digital camera also needs to have manual settings for aperture, exposure and flash, and be able to be operated remotely so as to ensure the camera does not move during the capture sequence. All of this is fairly standard for most reasonable modern digital cameras, as is the operation and live viewing by attaching the camera to a computer. As RAW files are much larger than other file formats, it is important either to save the files directly to the computer or to have sufficient memory in the camera itself.
 
              The image capture can be carried out in two ways. The simplest set up simply uses the digital camera and stable support, usually a tripod, some ball bearings and a movable light source. This method, often called the Egyptian method because it was first applied to Egyptian sculptures, is more properly called highlight-RTI (H-RTI), as it relies on highlights reflected from spheres, the ball bearings. The methodology was developed at Cultural Heritage Imaging (CHI) by Mark Mudge, Marlin Lum and Carla Schroer, with technical guidance from Tom Malzbender of Hewlett Packard Labs. CHI advertises an RTI Highlight Capture Starter Kit which contains a range of ceramic ball bearings of different sizes and other items required to start RTI imaging.6 The principle of this method is that the software can calculate the direction from which the object is illuminated, from the reflections or highlights in the ball bearing. The size of ball bearing will depend on the size of object being imaged. The bearings in the CHI set range from a tiny 0.79375 mm (1/32 inch) to 57.15 mm (2¼ inches). The important aspect, and one that sometimes requires some planning and imagination to achieve, is that the ball has to be visible in every single image that is captured. It is therefore recommended that two targets are used in each capture sequence, so that there is always one clearly visible and usable for calculation.
 
              While this is the simplest setup, it is also quite a difficult process to implement. The camera needs to be mounted on a very stable tripod or copy stand. The camera needs to be exactly parallel to the object. This is best achieved by using a spirit level for both the surface the object is to be placed on, and for the camera itself. As with all digital imaging, you need to decide whether you wish to capture the whole object or separate parts. This will in part depend on the size of the object and the fineness of detail that needs capturing. A large object at high resolution will require many repeats of the process, whereas a small object may just require one.
 
              The method of illumination should ensure that highlights are created in the spheres, so bright spots are needed rather than diffuse lighting. It is also important for colour rendering to have a broad-spectrum light source. Often flash illumination is used, ideally connected to the camera with a wireless transmitter. Using wireless transmitters makes it less likely for wires to disrupt the images and makes the capture process quicker. If the flash has two-way connectivity the camera can be operated from the flash which makes the image capture easier to control, enabling the user to concentrate on angles and distance from the object.
 
              Once the camera is set up at the correct height and position you need to take an image of a greyscale card. This image is critical for following image processing and must not be forgotten. Some users incorporate a greyscale within their target setup, that is, within the sphere assembly. Once everything has been set up it is time to do some accurate measurements to ensure that you are lighting from the same distance, an essential requirement for successful RTI. The distance of the light from the object should be around 4 times the size of the object; for instance, an object of A4 size should be illuminated from about one metre away. An easy and practical way to keep track of this distance is by using a string cut to the required length. Between 16 and 60 images should be taken in a sequence: the more images taken, the better the end result. The images should be taken at angles between 15° and 65° above the surface of the object from all sides, from a virtual ‘dome’. It is useful to formalize the positions of illumination and to plan the positions carefully, maybe using reference to a clock face to mark lighting positions, 12, 1, 2, 3, 4 etc, at 15°, 40°, and 65° angles to the surface. This will give 36 images, well above the suggested minimum of 24 but not as time-consuming as taking 60 images.
 
              The kit is extremely portable and robust and can be used in many different kinds of locations, such as may be found when visiting different libraries or collections. This is important, as it is often extremely expensive to arrange the movement of valuable objects from their normal storage location. The choice of space for image capture should allow extraneous light to be eliminated, be large enough to allow movement around the object, and be vibration-free so that the camera stays in position. Most library objects are small enough to be moved to a room where curtains or blinds can be drawn. Most objects will be captured lying horizontally on a table. For larger objects such as large maps or paintings, the technique can also be used on vertical surfaces, but setting up the camera in a perfectly perpendicular orientation may be more difficult. The quality of the final PTM will be totally dependent on the quality of each individual image taken, so it is critical to treat each capture with equal care and accuracy.
 
              It is not ideal to have to move the light source manually. It is a lengthy procedure and you have relatively little control over the process of photography, so things can easily go wrong. If you bump into the camera while taking image 34, you have to start over and you lose valuable time. To mitigate this, a second type of RTI has been developed. This uses a dome in which light sources have a fixed position. In the centre of this hemisphere the camera is fixed. The lights are turned on in sequence, one at a time, with each capture. Capture and illumination can be automated, so that all that needs to be done is to place the object in position, focus the camera and get the process started. The main advantage is that the lights are in known fixed positions, making the computation and setup trivial compared to the H-RTI method. When the lights are inside a solid dome, the setup can be used in a normally lit room environment. Relatively simple instructions for making a dome have been published recently (Kinsman 2016). Systems can also be purchased as a whole, such as the one developed at the University of Southampton and used at the University of Oxford. With this, a 76-image RTI can be captured in as little as four minutes (Figure 7.8). This means that these domes are extremely useful in institutions where large numbers of objects need to be imaged. Their main disadvantage is that they lack the portability and versatility of H-RTI. Also, the size of the dome puts a limit on the size of the object that can be imaged, though for many library and museum objects this is not an issue. It also remains possible to process a large map, for example, in multiple segments, thus improving the quality and also manageability of the data, although stitching multiple RTI models together is not possible, since the light angles will not match up.
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                  Figure 7.8: 76 images forming the basis for the RTI of a clay seal (© Bodleian Libraries, University of Oxford).

               
              The images from both capture methods are processed and viewed in the same way. The first stage is to convert the RAW files. RAW is an image file format used by many high-end and professional digital cameras and is considered to be the best form of image file. Since it does not process the picture, it leaves total control of the editing to the user. Unfortunately, there is no universal RAW file format; rather they are manufacturer-dependent. The RAW files need to be converted to digital negative (DNG) format, which eliminates this variations in the RAW format. The DNG files are then converted to JPEG format in the case of RTIbuilder software, as this is the format it requires. The RTIbuilder software detects the highlight position in each JPEG image. It then crops the target out of the image to produce a new set of JPEG files, which it uses to generate the PTMs. In this step you can select the quality of the JPEGs and with it, the length of time needed to process and the level of detail in the final RTI. The RTIbuilder then offers some optional adjustment methods for the pictures and some options to manually select, or adjust the automatically selected areas of the ball bearings in the images.
 
              The created PTMs can be viewed using the RTIviewer software. Once the PTM has been loaded into the software the care and effort to get to this stage is immediately justified. Two digital tools that result from this are the ability to zoom in and move around the image using the ‘image navigator’. More important, however, is the ability to move the light source virtually with the ‘light controller’ into any position desired. Positions between those that have been used in the capture process can be selected, including completely perpendicular to the surface, i.e., the position of the lens. The light controller is a green circle to the right of the main image. You can use the mouse to move around the circle, and where you point dictates the position of the virtual light source. The middle of the circle represents illumination from immediately above the objects. The direction you move away from this central position dictates the position around the object. The further away from the centre, the greater the angle of raking, the edge of the circle providing the most raking. In some examples this simple observation is sufficient to reveal the details that were being investigated. One advantage over simply using raking light on the object itself and using one’s eyes is that with the images you can experiment with a very large number of lighting conditions.Also, you have the ability to zoom in on specific areas, upon which you can then try different lighting scenarios. You can also move the zoomed-in area around the image and change the lighting in a number of locations. An underlying advantage with all digital techniques is that the objects themselves are only inspected once and are therefore protected, while the digital artefacts can be researched for as long and as often as the researcher requires. Although RTI will not be useful in every instance, it is a fairly simple process and can lead to spectacular and readily understood results.
 
              The RTIviewer software can also use the colour and surface shape derived from the shadows cast in the various lighting positions to provide even more enhancements of the images. There are a number of rendering modes which apply mathematical transformations, each of which allows the user to change settings which alter the output. These enhancements go beyond what is possible with the naked eye in the reading room, and because they are related to both space and colour they can reveal more than can be achieved by using filters in programs such as Adobe Photoshop, which use colour information only.
 
             
            
              Uses
 
              One of the applications for which RTI is regularly used is to record low relief on items such as clay objects. This technique is an excellent solution for the challenges of recording clay tablet imprints, for example, cuneiform texts, but also figurative scenes on clay seals. The images in Figure 7.8 were the input for an RTI image of a small clay seal. The seal came from the cache of parchment letters of the Persian prince Arshama to Nakhthor, the steward of his estates in Egypt. They entered the Bodleian Libraries in 1944 and are rare survivors from the ancient Achaemenid Empire, ca 550–330 BC. The letters give unique insight into cultivation and administration, unrest and control, privileged lifestyles, and long-distance travel. The cache consists of Arshama’s letters to Nakhthor, two leather bags, and clay seals which were (in all likelihood) used to seal and authenticate the parchment letters. Most of them bear a seal which must be Arshama’s, and many still contain traces of the strings used to close the letters – or even the strings themselves (a vivid yellow, perhaps from the use of dyes).
 
              When the PTM file is first loaded it is viewed in default rendering mode without mathematical enhancement; but this default setting just scratches the surface of what is possible using different settings. By using a dropdown menu, further rendering modes can be accessed. Figure 7.9 illustrates one of these methods, ‘diffuse gain’.
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                  Figure 7.9: Diffuse gain control helps to exaggerate and thus investigate depth of relief (© Bodleian Libraries, University of Oxford).

               
              Diffuse gain exaggerates the depth information of the image as an aid to interpretation. The amount of exaggeration can be adjusted by using a single slider gain control. The live image changes immediately. Adjustments are made and the light controller can be altered simultaneously to create a number of views, each of which may reveal slightly different information (Figure 7.10).
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                  Figure 7.10: Different settings of specular enhancement, selectively increasing or decreasing shininess (© Bodleian Libraries, University of Oxford).

               
              A different mode is ‘specular enhancement’. This rendering mode enhances the shape of surfaces with differing levels of shininess, known as specular reflection. For this mode there are three controls: diffuse colour, specularity, and highlight size. When diffuse colour is set to 100% and specularity is set to 0%, only the diffuse RGB colour is rendered. Conversely if the diffuse colour is set to 0% and specularity to 100%, only the effect of light in a given direction is rendered. By changing these two parameters different details can be highlighted and details revealed. Finally, highlight size can be varied from 0 to 150 to give various degrees of shininess or matte reflection. Specular enhancement is a powerful tool for enhancing surface shape.
 
              There are four sharpening modes designed to enhance edges and highlight features. They are: normals unsharp masking; image unsharp masking; luminance unsharp masking, and coefficient unsharp masking. Each of these modes has a slider gain control but normals unsharp masking also has an ‘environment’ control. With so many alternatives there is obviously a huge range of outputs that can be shown in the viewing panel. Luckily, at any time the contents of the viewing panel can be captured using a camera icon on the control panel. The file format (JPEG or DNG) and location of the saved files needs to be set up before using this feature.
 
              The final two modes of enhancement, called multi-light enhancement modes, are ways in which the software chooses different lighting angles for different parts of an image to give maximum brightness and sharpness. This works by subdividing the image into smaller areas and then optimizing the lighting angle to enhance the details in each individual area, thus avoiding areas which may be very dark in the lighting conditions where another area may be very bright. In static multi-light mode there is a single output optimized to give a high-contrast bright static image. This produces the best result for presentations and printing, where animation is not possible. The dynamic multi-light mode enables the light controller to be used, which allows more detailed control, but can lead to errors in the output image. These modes have a large number of user parameters which can be applied in the settings.
 
              Although this is a 2D recording technique, it is often described as ‘2½D’ because of the high-level of visual information provided by highlighting and shadowing 3D objects. In particular, it approximates the surface orientation at each pixel, providing a relative measure of curvature known as a ‘surface normal’. Using colour data stored per pixel, as well as the captured surface-normal information, this technique reveals surface texture and fine detail sometimes not captured by static photography or even obvious to the naked eye. The finished result allows the viewer to choose from a range of options. In the default view it is possible to look at the objects under an almost infinite range of raking light angles. This can often immediately reveal surface detail such as pigments raised from the surface or indentations caused by writing tools, possibly answering questions that researchers have failed to get even after hours of inspection of the object itself. If the images have been taken at high resolution it is possible to zoom in on particular features and try different lighting options on tiny details.
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            Chapter 8 Spectral imaging
 
          
 
          Of all of the techniques described in this book, the most rapidly developing in use and refinement is spectral imaging. It was originally developed in the field of remote sensing, but is today employed in many fields, from medicine and food safety to military and cultural heritage (Khan et al. 2018). It includes both multispectral and hyperspectral imaging. The principal of spectral imaging is relatively straightforward: it captures the reflection of a surface as a series of points or pixels and attempts to collect a full spectrum for each. It is thus a variation on some of the techniques described in Chapter 5, which took spectral measurements of single points. In hyperspectral imaging similar reflectance spectra for each point are produced in a two-dimensional scan. By using details contained in these complete spectra the technique enables information to be revealed that is impossible to see with the naked eye. Within the Bodleian Libraries hyperspectral imaging has been used extensively for many years and is by far the most often used technique. To some extent spectral imaging replaces the use of ultraviolet and infrared imaging described in Chapter 5 and is also a perfect complementary technique to the growing use of ‘imaging’ using other methods, such as XRF and FTIR scanning. All these imaging techniques are attempts to map information that is not accessible to the human eye and present it in a visual way. Although such spectral imaging may create an image that looks at first sight like a photograph, there is much more data below the surface. In this way it contrasts with digital imaging in the visual range described in Chapter 4, as the main emphasis there is to attempt to create as accurate a visible representation or surrogate of an object as is seen by the human eye.
 
          The purposes of full spectrum imaging vary depending on the research questions. It can be compared to a Swiss army knife in that the one tool has a number of uses. It can be used for simple enhancement of the visible page for increased clarity of image or text. It can also reveal hidden or obscured text or images. Finally, it can be used for chemical characterization, which is useful for a variety of applications including material identification and changes of state of condition at a chemical level.
 
          The captured data represent an excellent and accurate record of the object’s condition at a specific date. Spectral imaging provides an accurate colour and chemical map, a ‘condition report’ or ‘snapshot’ of the object which can be compared to scans taken at an earlier date. The data can be used for conservation and preservation purposes, as an aid for academic study, and also to assist in the publication of both digital and printed surrogates and facsimiles.
 
          Although there are many permutations of spectral imaging, most systems are based on the visible spectrum. The definition of multispectral and hyperspectral imaging can differ depending on the project and the application. Multispectral and hyperspectral imaging are both types of imaging spectroscopy. Essentially, the main difference between the two is the number of wavelengths that are measured to obtain the spectral information. Multispectral systems typically measure a few dozen wavelengths, whereas hyperspectral imaging collects hundreds. This difference has an impact on the equipment needed, but also on the way the data can be manipulated and thus the questions that can be answered.
 
          
            8.1 Multispectral imaging
 
            The origins of multispectral imaging are to be found in space exploration (Chabries, Booras, and Bearman 2003), particularly the LANDSAT project (Williams, Goward, and Arvidson 2006). Satellites were equipped with scanners to image the surface of the Earth using a range of wavelengths (Goetz et al. 1985). As these satellites became smaller, their equipment shrank and became manageable in other applications. In the early 1990s the technique entered the field of cultural heritage (Liang 2012; Saunders and Cupitt 1993). In this version of spectral imaging, generally 10–40 so-called bands are recorded to build an image. A band is a section of the electromagnetic spectrum, and in the case of multispectral imaging these bands are typically some tens to hundreds of nanometres wide. If we were to apply multispectral imaging in the visible light region only, from 400 to 700 nm, we could record 31 bands of 10 nm each. Often multispectral systems also record areas outside of the visual spectrum, into the near infrared and the UV range. Obviously, this gives information our eyes cannot perceive, but even in the visible range multispectral imaging can make things much clearer than our eyes can, overcoming their limitations.
 
            
              Background
 
              The human eye has three sensors each of which is attuned to a different region of the electromagnetic spectrum (see Chapter 4). To us, light of these wavelengths appears as red, green and blue. The human eye does not detect these wavelengths equally, however. Figure 8.1 shows how our eyes are less sensitive to blue light, and the regions of red and green significantly overlap. This last explains why it is especially difficult to distinguish red and green colours for those who are colour-blind. The human eye is a rather imperfect instrument for measuring colour, and colour vision in humans is less than in some other animals, which can see a spectrum of 300–750 nm with more sensors.
 
              
                [image: ]
                  Figure 8.1: Hyperspectral imaging set-up at the Bodleian Libraries (© Bodleian Libraries, University of Oxford).

               
              But it must be remembered that colour is not just a property of light but also a function of the brain. A huge difference between instrumental scanning and the human eye is speed: instrumental scanning can take minutes or even hours, while the human eye responds in timespans closer to nanoseconds. Any more information from many more sensors would make it impossible for the nervous system to keep up. Also, our experience of colour not only depends on the wavelength of the light rays that hit the retina, but also is influenced by the context in which we see it. From experience we expect the top light of a traffic light, or a London bus, to be red. We find it difficult to perceive colour at low or very bright light levels. Things such as background colours, familiarity, and surroundings can also have an influence. In a healthy human eye, each cone cell can register about 100 different colour shades, leading most researchers in this area to estimate the number of colours we can distinguish as around a million (although some claim ten million).
 
              Some creatures have worse colour vision, having only two colour receptors, but four is not uncommon, extending the spectral sensitivity into the Ultraviolet and Infrared regions. The mantis shrimp has 12 distinct photoreceptor types. Each photoreceptor is sensitive to a different wavelength of light, ranging from deep ultraviolet colours to red. Spectral imaging way tries to emulate the way in which the mantis shrimp’s eye detects colour information, by collecting information at many narrow spectral bands.
 
              No surface reflects light in just a single wavelength. The absorption and scattering of light is influenced by many factors including surface topology, crystal structure, and chemical composition of the material. No solid substance, especially no natural substance, is completely homogenous. This means that reflection happens on a rather messy spectrum. Our eyes then reduce this spectrum to three values, the relative values of red, green and blue. The net result is that two objects may look the same to us, for example may appear orange, while they have different reflection spectra. This helps to explain why different people judge the colour of objects differently.
 
              Collecting reflectance spectra is the most common method of spectral imaging, but there are two further techniques. If a page can be lit from the other side and light shone through it, then transmission spectra can be collected. For library materials, this is at times appropriate for single leaves, but can be difficult for bound volumes. A third technique is UV fluorescence, where the object is illuminated by an ultraviolet lamp – typically at 365 nm – and the resultant fluorescence spectrum is collected. UV light sources also often have a blue component for visualization. When doing this you sometimes have to filter out, or simply ignore, the blue part of the spectrum (see Chapter 4).
 
              It is important to emphasise that spectral imaging does not in itself produce an image, but rather a number of images at different wavelengths. These separate images may in themselves reveal information, but more may be revealed by combinations of images, or the results of more complex data manipulation. While the spectral file, also called a multispectral or hyperspectral data cube, contains detailed information at a number of wavelengths, our eyes still only have three colour receptors, so the data has to be represented visually to deliver information to our eyes. This is often achieved by creating three-band false-colour composite images. Another method of visualization is to calibrate the reflectance of each pixel against a white standard in order to obtain calibrated reflectance spectra. The shape of the spectra will give visual information on colour at the point on the surface. The spectral resolution of the spectra will depend on the number of bands.
 
             
            
              Equipment
 
              In multispectral systems there are two basic ways in which you can focus on the capture of specific wavelengths. The current state of the art for document imaging work utilizes either coloured filters or coloured LEDs to provide the spectral bands. In other words, you can either place filters in front of the sensor to only capture the needed band, or filter or select the light that falls onto the object. Some systems use a combination of filters and LED illuminants to achieve narrower bands. There is no consensus on which bands to focus on or what filters to use (Fischer and Kakoulli 2006). This is also because this choice is influenced by the questions that are asked. In some cases, being able to distinguish between specific substances requires you to select a filter which allows you to distinguish between two relatively close wavelengths. You then need to find the right filter that separates at that specific point.
 
              Part of the reason for the increase of popularity of multispectral imaging is that it can be relatively accessible and affordable, while at the same time being able to give spectacular results. Publications tend to report on the imaging of specific objects or on particular multispectral imaging methods. There are many methods and types of equipment that have been either developed as off-the-shelf or ready-to-go systems; alternatively some users have developed their own systems of varying complexity. Because multispectral imaging offers a range of qualitative, non-invasive and often relatively inexpensive and portable equipment, the capture and processing have tended to be highly dependent on individual users and the set-up they employ. This makes comparison between the results from different institutions and researchers very difficult. This was identified as a serious issue, highlighting the need to establish a clear set of widely accessible methods and protocols from which everyone can work in a standardized way. A Framework 7 European Union-funded initiative under the CHARISMA project (“Cultural Heritage Advanced Research Infrastructures: Synergy for a Multidisciplinary Approach to Conservation/Restoration”)1 concentrated on developing new optimized multispectral imaging methodologies. Emphasis was placed on using equipment that is readily available and on distilling the work carried out into a set of user-friendly practical materials and resources aimed at a wide range of users and as broadly accessible as possible. This project resulted in a detailed publication by Dyer, Verri, and Cupitt (2013). As well as describing the most widely used set-ups it describes techniques primarily used by scientists, but which are increasingly being adopted by a much wider range of users including conservators, archaeologists and curators. Though incredibly useful, comprehensive, and detailed, this is definitely a technical manual and not an easy read. Those truly committed to this technique are highly recommended to refer to this publication. What follows here is a more discursive review of what is available at the time of writing and how these different systems compare.
 
             
            
              Multispectral imaging using filters mounted in front of the camera lens
 
              A commonly adopted system is the use a set of single-colour filters, sequentially placed in front of the lens of a commercial-grade camera (Lapray et al. 2014). It is important that the camera be monochrome, so producing a single-channel ‘black and white’ image for each filter, as opposed to the normal three-channel colour image. The camera can be one manufactured to produce monochrome images, or a standard colour camera adapted by removing the Bayer pattern. (The Bayer pattern is a colour filter array used in most digital cameras to enable the creation of colour images.) In this way, one can produce a series of images taken in sequence with the object illuminated in white light and the filters allowing transmission of a known range of wavelengths. The number of filters and the broadness of the bands can vary considerably. The most common systems have from 5 filters up to 20 or more. ‘Spectral resolution’ refers to the width of each band within the captured spectrum. The narrowest bandwidth filters have a spectral resolution of about 10 nm, so for a range from 400 to 700 nm one would need 30 filters. It should be said that the filters do not have exact cut-offs at either side of their limits. A filter with a bandwidth of 10 nm will actually be 10 nm at the Full-Width at Half-Maximum (FWHM), defined as the width of an instrument response (band pass) at half of the band depth.
 
              In addition to this, one might have one UV filter and one IR filter. A big advantage of this technique is that you can adapt a very-high-spatial-resolution camera to capture each image, resulting in reasonable spectral resolution and excellent spatial resolution.
 
              Complete systems are available to purchase which include filters, filter holders and software. A wide selection of interchangeable standard and custom dichroic filters is available across UV, visible, and NIR-SWIR spectral bands, which can be selected according to the user’s needs and budget. A simple system may have around 18 band-pass filters and a modified digital camera, covering the 400–925 nm spectral range. As described in Chapter 4, to record the NIR range a digital camera must not have an internal IR filter. The camera model thus needs to be purchased without a filter, or a normal digital camera needs to be modified. There are several firms which will modify cameras in this way. Using a digital camera rather than a monochromatic scientific dedicated camera has the advantage that the same camera can be used for other technical photographic methods, making the overall imaging equipment lighter, compact and affordable.
 
              There can be disadvantages in using interchangeable filters. The filters are commonly fitted in a wheel such that the wheel can be rotated to move the filters in front of the lens in turn. Each time a filter is changed, whether by screwing a filter to the lens or rotating a wheel, there is the possibility of moving the object in relation to the camera, or vice versa. This could result in producing a series of slightly off-set images which require alignment (or registration, as discussed in Chapter 4) before processing is possible. The registration process involves identifying one image as the reference image, and applying necessary mathematical transformations, re-sizing or movements to the other images so that they align with the reference. This can be complex and time-consuming. Image registration is often essential before carrying out image processing and analysis. More automated methods are offered by a number of firms, which offer motorized filter wheels which help reduce the risk of movement. The spectral filter wheel is usually controlled with bespoke computer software provided with the wheel, although users may wish to write their own programs. But this does not help with another possible problem: lens aberrations. Camera lenses are not necessarily designed to be in focus at every single wavelength, especially in the ultraviolet and infrared regions. This means that time-consuming re-focusing may be needed with some filters, resulting in a slight change in the image size and also the possibility of movement. The change in size of the image makes registration more difficult.
 
              Another factor to take into consideration is that illumination can never be completely even. Areas that are lit more brightly than others are referred to as ‘hot spots’. It is critical to take an image of a plain white background in exactly the same lighting conditions as those in which the object will be imaged. This reference image can then be used for calibration to adjust the brightness of the multispectral images.
 
              Despite these potential difficulties this multispectral technique is relatively easy to set up and requires little in the way of investment. This makes it the most accessible spectral imaging technique in terms of simplicity of concept and affordability.
 
             
            
              Multispectral imaging using coloured light
 
              Another common technique currently used relies on coloured lights rather than filters. A series of images is taken under specific wavelengths of illumination. This technique has the same advantage as the filter system in that a very high-resolution camera can be used, but in addition it helps reduce the possible problems of movement involved in changing the filters. These systems illuminate the object only to the light energy that is required to produce a quality digital image. This results in a significant reduction in the light energy to which the object is exposed, an added benefit of these systems. However, it can be complicated by the need for multiple illumination sources and must be done in a darkened room. It can also be very time-consuming to collect the images. The two main types in use for this form of multispectral imaging are filtered white light and coloured LEDs.
 
              In filtered white light systems, the spectral bands can be created by passing white light through narrow bandwidth filters to filter the light before is used to illuminate the object. One way to produce narrow-bandwidth coloured light is to use two light sources at an angle of 45° with respect to the object plane. The lamps are quartz-tungsten halogen lights that emit a smooth light spectrum from the near-ultraviolet (365 nm), through the entire visible into the near-infrared (1,100 nm). Although described as ‘tunable’ the coloured light is produced with 70 discrete narrow-bandwidth spectral filters that are mounted on a motorized stage, with each filter being moved in turn into the light path between the lamp and the measured object. Across the entire spectral range, the wavelength of the light transmitted by the filters can be tuned in wavelength steps of 10 nm, while the spectral bandwidth ranges from 10 to 16 nm (full-width half-maximum). The object is imaged with the camera directly above it. The 45° angle of the light sources is chosen because the fairly simple and low-cost set-up provides good illumination such that each location on the object is evenly illuminated from all directions. The entire apparatus is enclosed in a light-proof cabinet in order to avoid any stray light from external sources which would disturb the measurement. A white background shot must be taken to enable any unevenness of illumination to be corrected.
 
              In more common use today are narrow-band light-emitting diode (LED) illuminants (Hollaus, Gau, and Sablatnig 2012; Marengo et al. 2011a, 2011b; Tanner and Bearman 2009). LEDs have developed over recent years to such an extent that it is possible to produce light sources with very narrow bandwidths. Systems are advertised using LEDs at wavelengths typically in the ultraviolet region (365 and 395 nm), in the visible region (420, 445, 470, 500, 520, 560, 590, 620, 630, and 650 nm), and in the infrared region (700, 735, 780, 860, 940, and 1050 nm). Image capture and lighting can be automated to reduce the time required for each series of images. This technique is regularly producing useful publishable results; its increasing use is partly a result of this publicity, but of the relative ease of set-up. However, the need for specialized LEDs such as these can make this variant relatively expensive.
 
              High-end systems can capture very high resolution and highly repeatable digital images with good registration, quality, and spectral content. The capture process is relatively straightforward and repeatable. The conditions under which the images were taken (image metadata) can be automatically saved with the images. Some multi-spectral imaging systems are sold as being designed specifically for the heritage field and for the accurate colour reproduction of cultural objects and art. The systems can include an advanced large-format digital camera, a multispectral LED illumination system, operational software, and selected peripherals (such as diffusers to mitigate hot spots) all operating as an efficient integrated system.
 
              Those scientists who have continued to work on improving their technologies and methods for extracting and continue to make exciting discoveries. Now multispectral imaging systems are increasingly popular and more generally available. Developments are currently being made in the United Kingdom at, for example, the UCL Centre for Digital Humanities (Giacometti et al. 2012; Terras et al. 2015), at the British Library (McGillivray and Duffy 2017), as well internationally (Delaney et al. 2016; Delaney et al. 2009). A cause for concern is that with all these different devices, there are at the moment no standard methods or file types for multispectral imaging, though moves towards standardization are under way (Easton et al. 2010).
 
             
            
              Uses
 
              The power of multispectral imaging is that it is a relatively cheap and easy way to distinguish materials and, perhaps more importantly, to map them. It is no surprise, then, that the technique is booming in cultural heritage studies in general, but especially in libraries. The by-definition relative flatness of a book page is ideal for two-dimensional mapping. More importantly, there are many different questions that may be answered with such mapping. With a few, definitely non-exhaustive, examples we hope to be able to show the diversity of applications of multispectral imaging. One obvious example is the investigation of faded or deteriorated texts. One of the most iconic of such uses of multispectral imaging has been the investigation of the Archimedes palimpsest (Bergmann, 2007; Easton, Christens-Barry, and Knox 2011; Easton, Knox, and Christens-Barry 2003). This project has also been mentioned in other chapters of this book (Chapters 4, 6), which highlights the relationships that multispectral imaging has with other techniques. This project was an attempt to reveal the tenth-century Byzantine codex that contains the earliest known examples of Archimedes’s work in the original Greek. This codex had been erased cut up and covered with a thirteenth-century prayer book text. To investigate the erased text many techniques were applied, one of which was a continuously developing multispectral imaging kit, starting with a simple device containing a monochrome detector and five filters (one in the UV, one in the NIR and three for the RGB colours) (Easton et al. 2003).
 
              Visualization of multispectral imaging is mostly done in false colour. In this method three spectral bands are selected to be viewed together. If a very simple experiment has been conducted collecting just four bands – blue, red, green and infrared – the selection of bands is fairly limited. The usual method is to discard one of the bands in the visible region and combine the other two with the IR image. A commonly used combination which from experience has shown to give good results is to discard the image from the blue band and substitute this with the green image. So now the ‘real’ green band is displayed as a ‘false’ blue. Then the green image is substituted with the red image (false green) and the red image is replaced by the IR image (false red). This representation, IrRG, often yields useful information but has to be viewed in the knowledge that the image has very little relationship to the real colours. A more realistic image can be created by simply replacing the red image with the IR image, IrGB. A method for revealing underdrawings is a modified IrRG, where instead of replacing the red band with the IR-band image it is replaced with the inverse or negative of the IR-band image. In this case the underdrawings will sometimes show up clearly coloured red.
 
              In the case of the Archimedes palimpsest the most interesting area was the UV, because of the fluorescence of parchment, which increases visibility of even erased texts (see also Chapter 4). However, problems arose with mosaicing and registration of the images (Easton et al. 2003). Also, the fact that it was possible to suppress the over-text completely turned out to make it more difficult to interpret the older one, as it became impossible to interpret gaps in the text. In over a decade the device used for image collection underwent significant development (Easton et al. 2011; Easton and Noel 2010) and much of the work done by this research team is fundamental to modern image processing of both multispectral and hyperspectral imaging.
 
              A different use of multispectral imaging is exemplified by the work of Antonio Cosentino. He has used this technique to develop a method for quick identification of pigments (Cosentino 2014). Essentially this technique uses the material properties already discussed in Chapter 5. Some materials fluoresce under UV light; others become transparent in the NIR. Multiple filters can be used to distinguish between visually similar, but spectrally different materials (Cosentino 2015). This technique has been most extensively applied to paintings, but may prove interesting for library materials as well. A downside of using multispectral imaging for this is that it is necessary to make a number of a priori assumptions about the data, which may lead to a self-fulfilling prophecy. Since you have to select the filters or the wavelengths at which you take your measurements, you can only separate between what you consider likely targets. It is here that hyperspectral imaging becomes interesting, since this takes up the challenge of collecting the entire spectrum, rather than a subdivision of it based on the filters used.
 
             
           
          
            8.2 Hyperspectral imaging
 
            As stated, the separation between hyper- and multispectral imaging is a difficult one. Where multispectral imaging records a few dozen bands, hyperspectral imaging records hundreds. The result is a much more fine-grained spectrum for each measured pixel. Hyperspectral sensors, also known as imaging spectrometers, collect spectral information across a continuous spectrum by dividing the spectrum into many narrow spectral bands using a diffraction grating or prism. Hyperspectral imaging spectrometers can have up to several hundred bands with a bandwidth of 10 nm or narrower, in comparison to common broadband multispectral sensors which have around 9 to 18 spectral bands and a spectral resolution of around 100 nm. Spectral sampling is a separate concept used to describe hyperspectral systems. It refers to the band spacing, or the quantization of the spectrum at discrete steps. Quality spectrometers are usually designed so that the band spacing is approximately equal to the FWHM, which explains why spectral sampling is often used interchangeably with spectral resolution.
 
            A hyperspectral scan will produce a file which contains very detailed colour information for each pixel – from perhaps 300 to 1,000 bands from 380 to,1000 nm – although systems are available which scan well into the short-wave infrared (SWIR) region, up to 2,500 nm. This dense information is really only useful when interrogated using computational methods. Like multispectral imaging, the technique is very useful in revealing hidden texts and other information invisible to the naked eye. However, the dramatically increased spectral resolution and continuous coverage of HSI systems allows much finer material differentiation than multispectral imaging, allowing the use of spectroscopic analysis. Because hyperspectral imaging is a relatively recent addition to heritage science there are many different systems from ready-to-go, off-the-shelf systems, to bespoke and research apparatus in varying state of development.
 
            
              Equipment and settings
 
              As with multispectral imaging discussed above, there are many different systems available. Most of these are again made to fit the custom requirements of each researcher or institution, so again comparison is difficult (Fischer and Kakoulli 2006). We give here an example of one device, in the set-up as used in the Bodleian Libraries with which we are most familiar (Figure 8.1). This should help readers to come to a general understanding of the workings of these devices, but it has to be kept in mind that a wide range of modifications can be made.
 
              The system at Bodleian Libraries is called a push-broom set-up, i.e., a line scanner, whereby the object moves under the scanner line in the same way that a photocopier scans a page, line by line. It is a complete system that was purchased as an of the shelf system. One of the major advantages of this is the ease of setup and therefore the short period of time for training required to get the system up and running. The scanning is carried out with bespoke software written specifically for operating the equipment and is both simple and intuitive. It can take up to half an hour to setup, but once done a scan can be completed in about 10 minutes for an average size ‘normal’ manuscript or printed text. If there are several similar objects which are approximately the same height and thus same distance from the lens, they can simply be scanned sequentially with no adjustment to the setup. This allows the equipment to provide a ‘service’ rather than only being used for ‘projects’.
 
              The Bodleian libraries system scans a line of 1600 spatial bands (pixels) and 923 Spectral bands from 380 to 1000 nm, the Visible and Near Infrared (VNIR) region of the spectrum. This produces very comprehensive high-resolution reflectance spectra with high spatial resolution. The resulting files are very large. With each scan a folder is created containing the raw data, the processed data, white and dark references and an image file. These folders are often up to 30GB in size. The equipment, as stated above, is trivial to operate but is also very adaptable.
 
              A key element is the choice of lens. For the lens to be effective it must be able to focus all wavelengths at the same time, all through the visible region but also in the areas of UV and IR that the sensor detects. So, all wavelengths from 400 to 1,000 nm should be in focus at the same time. Such a lens is called achromatic. Achromatic lenses come in different focal lengths: the two lenses in use in the Bodleian libraries have focal lengths of 25 mm, which gives quite a wide field of view and is used for scanning whole large objects at medium spatial resolution, and 70 mm, which allows zooming in to smaller areas at very high spatial resolution.
 
              In conjunction with the choice of lens the most regularly changed condition is the distance of the scanner from the object. This is really the only ‘mechanical’ adjustment required to the kit, the rest being carried out in the software. The closer the scanner is to the object, the greater the spatial resolution. However, the trade-off is total field of view (FOV) of the system. With the scanner at its lowest (closest) position the spatial resolution is 56 μm and the narrowest strip that can be scanned is 90 mm wide. Whilst this is excellent spatial resolution it does mean that for many objects more than one pass is required to cover the whole object. Sometimes such high resolution is not required, and the scanner can be at a height such that a whole object can be scanned in one pass. At other times one is only interested in a small area rather than the complete page, so one short scan is enough. The associated mechanical adjustment is to ensure that the light is shining on the line where the sensor is pointed. The brightness registering at the sensor can be seen in the software, and the light source moved to give the maximum signal.
 
              There are four parameters of this system that have to be balanced to get the right results. Changes in these settings generally mean that all others have to be adjusted as well. In any case it is good practice to check whether the following four parameters are properly set up for each scan.
 
              If the object is relatively flat, which is the case for most books, maps and works of art on paper, then the aperture of the lens can be opened wide, allowing for a lot of light to reach the sensor. But many objects do have surprising three-dimensionality; in these cases, the lens aperture needs to be reduced (or stopped down) to increase the amount of the material in focus at the same time. This is called the depth of field of focus. The more closed-down the aperture, the greater the amount of material in focus, despite differences in the distance from the lens. The trade-off for this is that the light level reaching the sensor is reduced, either making the scanning time longer, or necessitating higher light levels.
 
              Capture speed is equivalent in digital terms to the ISO values of old-style camera film. If longer capture times are chosen (from within the software) the sensor will receive more light and so can work at lower light levels, but the scan will take longer if all other factors are constant. For more vulnerable items, where we wish to reduce exposure to bright light and heat, a longer capture time is chosen, whereas if many less vulnerable items need to be scanned a shorter capture time at higher light levels will speed up the process.
 
              Intensity of illumination is the third variable. In the Bodleian Libraries system, the light source is a tungsten bulb with infrared and ultraviolet filters. Because of the need to prevent either fading or overheating, the light intensity is measured and, in most cases, reduced to below 1,000 lux, a light level frequently encountered in conservation studios (see Chapter 1). As the safety of our collections is of paramount importance, the use of high light levels or hot light sources is minimized. What is required is a light source that is of equal intensity at all wavelengths between 380 nm and 1,000 nm with as little stray radiation outside of those wavelengths as possible. Ultraviolet should be reduced as it can cause actual and rapid chemical damage, whereas the infrared component of light can cause serious heating problems.
 
              Directly related to the capture speed and light levels is the speed of the platform on which the scanned object is placed. Slower movement means longer exposure of a specific section to light, as the scanning line moves slower over the surface. Again, keeping the stage slow and reducing the light levels will be best for objects subject to fading or heat damage. The Bodleian Libraries have spent a lot of time trying to optimize the speed of the platform and the intensity of light in the Bodleian system: excellent results have been obtained with a relatively low scan speed and a light source around 1,000 lux. Developments of LED illuminants may improve safety further in the future, but we are satisfied that the current system does not exhibit unacceptable risk. The speed of the platform must be adjusted not only relative to the brightness of illumination, but also so that the width of the resulting images is at the same scale as the length. If the stage moves too fast in relation to the scanning speed, the images will be compressed, whereas too slow will give extended images because the pixels will not be square and the image will be distorted. There is an option within the software to take an image of a metric scale and calculate from this how far the scanner is from the scale. The software has an algorithm for calculating the correct speed. The scale, a series of black lines 1 cm apart on a white background, is placed under the scanner and the lens focused on it. The scale should be at exactly the same height as the object that is going to be scanned. An image is taken from within the software of the scale. From this the software can calculate how far the lens is from the object. The capture speed is then entered into the software and the speed of the travel of the platform is calculated. While this process could be automated, it is both quick to carry out and invariably accurate.
 
              Another critical stage in setting up a hyperspectral system is spectral calibration. The ‘white’ calibration is generally carried out with the use of a material that is close to 100% reflective in the required range of 380 to 1,000 nm. Spectralon® is normally used for this which is a diffuse reflectance standard manufactured by Labsphere (see Chapter 5). It offers extremely high diffuse reflectance values, generally greater than 99% over a range from 400 to 1,500 nm. This makes it an excellent standard reference, but it is expensive. The light source is turned on to the level of illumination that has been selected for the particular task, and in the case of a tungsten bulb it is allowed to warm up for about twenty minutes for stable illumination. Then Spectralon® is placed under the line of the scanner at the height at which the object will be scanned and the Bodleian software performs a ‘white’ calibration. This is in essence informing the sensor what a pure ‘white’ looks like. Then a lens cap is placed on the lens and a dark calibration is carried out informing the sensor what a perfect ‘black’ looks like. When sensor is detecting the radiance at each individual waveband, it is calibrated with the maximum and minimum values possible across the whole spectrum. Thus, no other colour calibration is required. It is essential that this operation is carried out when any of the parameters is changed: speed of stage, aperture or type of lens, distance of scanner from the object, and light level.
 
             
            
              Data processing and interpretation
 
              Each particular imaging system will have a different capture process and the data created will be in different formats. Systems using digital cameras will produce a series of digital images in whatever format the user chooses. A hyperspectral imaging system has software which controls the equipment and automatically saves the files in a particular format. In the Bodleian Libraries’ equipment the data are saved in a format defined by the ENVI software, a commercial software package for analysing multispectral and hyperspectral imagery. The lack of consistency in capture formats across the wide range of available hyperspectral systems and a lack of any standards present a real problem when comparing datasets and results from different sources. It also poses a potential problem for future re-usability and archiving, as older formats may quickly become obsolete. Whatever the format, the data produced by spectral imaging is both dense and complex and is not comprehensible as a complete dataset. The reason for this file size is simple. Let us assume that a scan is taken of a square object. The scanner in the Bodleian Libraries is 1600 pixels across, so the total number of pixels in a square will be 2,560,000. Each pixel is represented by 923 pieces of spectral data, giving a data set of 2,362,880,000 components. This is a square scan; the scanner can be left to scan a much longer strip giving even more data. Another way to understand this data is to see it as a stack of 923 greyscale images of 1600 by 1600 pixels each. The data need to be interrogated and visualized to yield information; there are many ways of looking at the data.
 
              The simplest way in which the data can be viewed is by looking at each individual bandwidth in turn as a digital image of that bandwidth. Where for a multispectral dataset there may be a dozen different layers, files from hyperspectral imaging may have a thousand. Sometimes some of these layers can give immediate results, especially when looking in the IR part of the spectrum where the IR radiation penetrates the surface feature and enables what is underneath to be revealed.
 
              Because of the huge data files produced by spectral imaging, the use of statistical analysis techniques is required to visualize material identity and show invisible details. Computer software is necessary to analyse the vast amount of data. There are many software packages for looking at the spectral data (more correctly termed spectral cubes). These programs have built-in algorithms for automatically grouping together spectra that have most similarity. Which algorithms are used for any particular object depends on the nature of the object and the information that is being sought.
 
              It is relatively easy to start scanning and to process the data on the equipment in the Bodleian Libraries with minimum training and without a detailed understanding of how it is happening. In the case of revealing hidden texts and underdrawings the results speak for themselves. You either see something or not, and it is in fact more important to be familiar with the type of hidden text that you are looking for. It also allows for a number of different types of material to be scanned and processed to get a feel for what works best, what type of material will give rapid and clear results and what might not be worth attempting. Once a scan has been taken, the object can be safely stored while the data can be analysed time and time again using different methods. Experience suggests, however, that it is advisable to try to understand at least some of how the software is working to produce results. As all the data are in the form of numbers, the methods are mathematical and statistical, so not very intuitive for the general user. However, in a program like ENVI application of the underlying mathematics has been automated, so it requires little knowledge of them to get up and running with simple analysis.
 
              Some of the terms used are specific to spectral image processing.
 
              The first new term is ‘endmember’, a concept essential to the analysis of hyperspectral data. Endmembers are defined as materials that are spectrally unique in the wavelength bands used to collect the image. Endmember spectra cannot be reconstructed as a linear combination of other image spectra and they are interpreted as exemplar spectra of particular, distinct materials. It is often desirable to find the pixels in an image that are the purest examples of the endmember materials in the scene. It is often best to average the spectral response of multiple pure pixels, as this reduces the noise in the spectrum. These pixel spectra can then be used to map the endmember materials in various ways. Ultimately the choice of technique is based on the preferences of the person trying to read the manuscript, but also on the nature of the data. In many cases multiple techniques need to be tried and it really is a process of informed trial and error to get to the best results.
 
              A powerful tool for disentangling complex data is Principal Component Analysis (PCA). This is used not only by scientists but also social scientists who have to make sense of huge data sets. As the name suggests, principal component analysis does indeed find the principal components of data, separating and mapping groups of spectra with most similarities. The aim is to maximize differences in the data and ignore less useful data with little variation. The statistical underpinning of PCA is that it determines the eigenvectors of a variance-covariance or a correlation matrix (see below). PCA can be applied to multivariate datasets, such as multispectral and hyperspectral datasets. It is used in spectral imaging as an image-enhancement technique for displaying the maximum spectral contrast from spectral bands, thus emphasising material differences within the image. PCA is therefore widely used for mapping the distribution of materials. In selective PCA analysis, only certain bands are chosen that contain absorption and reflection features of the materials of interest. A reduction in the number of input channels results in an increased chance of defining a unique principal component for a specific material. PCA can also be used to reduce the dimensions of a dataset. Dimension reduction reduces the data down into its basic components, stripping away any unnecessary parts.
 
              The spectral cubes produced by both multispectral and hyperspectral imaging are multidimensional matrices. Each pixel has a reflectance spectrum with a number of dimensions equal to the number of bands associated with it, and has also has two spatial dimensions. The PCA is based on the fact that neighbouring bands of spectral images are very similar and often convey almost the same information about the object. The PCA analysis is used to transform the original data so to remove the correlation among the bands and thus ignoring ‘useless’ data. In the process, the optimal linear combination of the original bands with the maximum variation of pixel values in an image is identified. The information contained in the PCA bands decreases with an increasing number of PCA bands: most of the information is contained in the first few PCA bands, after which the bands are simply noise.
 
              PCA is calculated by using eigenvectors, a type of vector or theoretical direction in the data cloud. They are the directions where there is the most variation in the data, the directions where the data is most spread out. The associated eigenvalue is a number, telling you how much variance there is in the data in that direction. When we get a set of data points we can deconstruct the set into eigenvectors and eigenvalues. Eigenvectors and values exist in pairs: every eigenvector has a corresponding eigenvalue. The eigenvector with the highest eigenvalue has the greatest variation and is the first principal component.
 
              In the case of the Bodleian data, the 972 bands in each spectrum are normally reduced to 20 or fewer principal components. By visualizing the principal components individually or in combination, important information can be revealed. The important aspect is that the principal components may be identified by features in the individual spectra invisible to the naked eye.
 
              A second often applied strategy for material mapping is the use of similarity measures. Spectral Angle Mapping (SAM) is a widely used spectral classification technique that uses an n-dimensional angle to match pixels to endmembers. The algorithm determines the spectral similarity between a pixel spectrum and an endmember spectrum by calculating the angle between them, treating them as vectors in a space with dimensionality equal to the number of bands. Each vector has a certain length and direction. The length of the vector represents brightness of the pixel while the direction represents the spectral feature of the pixel. Variation in illumination mainly effects changes in length of the vector, while spectral variability between different spectra effects the angle between their corresponding vectors. In Spectral Angle Mapping, the angle between each pixel and each derived endmember is computed. Each pixel is then assigned to the endmember whose spectrum has the smallest spectral angle with the pixel spectrum. The outputs of the algorithm are a classification image displaying the best SAM match.
 
             
            
              Uses
 
              Because of the wide range of wavelengths available for hyperspectral systems, the transmittance and reflectance response of different layers is frequently observed during data analysis. When material that is transparent at a specific wavelength range (but opaque at others) covers material that is reflective within the same spectral range, the underlying material can be detected by the HSI system and is hence revealed in the data acquired. The spectral selectivity of HSI data has also used on various occasions to analyse texts of historic value.
 
              One example of the use of hyperspectral imaging is in the study of book covers. It has already been shown that XRF can be very illuminating in this respect as well (see Chapter 6). In the Bodleian Libraries there are around 29 incunables (books printed before AD 1501) that have been bound using recycled manuscript material which was then ‘painted’ blue. Some of these covers have been scanned to discover what those recycled manuscripts were. These are very robust objects and were scanned in about 5 minutes per cover. The analysis of the data was also very quick, as enough of the text, sheet music and other features were revealed with simple principal component analysis. Such quick wins are unusual, as most processing involves performing several different operations to reveal information.
 
              Example of extreme difficulties with data interpretation are the Gough Map of Britain and Codex Selden, both treasures of the Bodleian Libraries. For the Gough Map (see Figure 7.1), which is held in a solid frame, a modification had to be made to the scanning system so the map could be scanned vertically. The map has been the subject of intensive study over several decades and there were a number of questions that could not be answered by visual inspection. Scans were taken with the VNIR scanner described above, but also with a short-wave infrared scanner (SWIR). The SWIR scanner measures the reflectance spectra from 950 to 2,500 nm where there is potential to elucidate more chemical information than in the VNIR region, as described in Chapter 7. Thus far the VNIR has yielded the most information but because of its age and condition, extensive analysis of the data has been carried out by a number of different researchers in different institutions. The lack of success of getting easy results from the Gough Map data goes back to the discussion in Chapter 2, the lack of explicit research questions. The presumption was that the scanning would immediately reveal information that we were not even sure was there.
 
              The Gough Map hyperspectral cube files have been sent to Rochester Institute of Technology, where in-depth processing has revealed some intriguing features, such as the use of five distinct red pigments (Bai, Messinger, and Howell 2017; 2018). One of the advantages of hyperspectral cubes is that they can be retained and re-analysed at a later time. This means that if a new algorithm is developed or new mathematical processing is shown to produce results they can be applied to our increasing ‘digital surrogate’ collection without needing to access the objects again.
 
              In addition, the complete spectral information provided by spectroscopy allows for some level of materials analysis. By comparing the spectra obtained from unknown material with spectra from an authenticated reference library one can begin to calculate probabilities that a particular pigment is a particular material. This is of course an excellent addition to the utility of the technique and allows for the simultaneous analysis and uncovering of hidden details. The data can be viewed as spectra of individual pixels. These can be compared with reference spectra of known material to aid identification (Maybury, Howell, Terras, and Viles 2018).
 
              The spectra obtained in the visible and UV/IR ends of the spectrum – those normally and most easily scanned (400–1,000 nm) – are not completely diagnostic. They tend to have quite broad features with no well-defined and narrow peaks as one finds, for instance, further into the IR range (1,000–3,000 nm). But despite this the shapes of the broad curves can be indicative of certain material types and with computer software these shapes can be compared using a complete suite of techniques, not just Principal Component Analysis (PCA). Other work with HSI systems for remote sensing uses techniques such as spectral unmixing, and other approaches to signature matching, and other non-linear data transformation methods which could be used on library materials. The identification can be confirmed by using complimentary techniques such as infrared and Raman spectroscopy (see Chapter 5) and X-ray fluorescence (see Chapter 6). The work on pigment identification using the Bodleian hyperspectral imaging system is at a relatively early stage and new applications are still being explored (Howell 2018). The literature on the application of multispectral and hyperspectral imaging for identification of pigments on artworks is sparse. While these methods do not provide the analytical capability that the other spectroscopic techniques offer, the use of spectral imaging has the advantage of being a rapid and relatively low-cost solution for the examination of large areas.
 
              Codex Selden (Ms. Arch. Selden. A.2), also known as Codex Añute, is one of the Mexican manuscripts held at the Bodleian Libraries. As noted in Chapter 5, it is an exceedingly rare example of Mesoamerican pictographic writing. The total corpus of pre-European books from the Americas is less than twenty. This manuscript is often counted as one of these, even though it was made around 1560, as it is completely precolonial in content, style, and in use of materials. The codex has been in the Bodleian Library ever since it was donated by John Selden, after his death in 1654. How he acquired it is unknown. For this section on spectral imaging, the most salient feature of this manuscript is the fact that it is a palimpsest. The way in which this palimpsest was formed is somewhat different than for regular palimpsests on parchment, such as the Archimedes palimpsest discussed above. In these the text is scraped off the parchment, which is then reused to hold a new text, often written perpendicular to the original text. In the case of Codex Añute (Selden), the base is formed by a long strip of leather, approximately 5 metres in length and 25 cm high. This was folded like an accordion to form 20 pages. The leather was then covered on both sides with a layer of white gesso, which was used by the Mixtec scribe as a surface to draw the figures upon that form the text2 (Figure 8.2).
 
              
                [image: ]
                  Figure 8.2: Codex Añute (Selden) page 8, showing example of Mixtec pictographic writing (© Bodleian Libraries, University of Oxford).

               
              Rather than making a completely new codex, the scribe who made the Codex Añute (Selden) as we know it today reused an older codex, by covering a layer of existing figures with a new layer of gesso. Recovery of this subsurface layer of images was the main focus of a collaboration between the Universities of Leiden and Delft and the Bodleian Libraries. This project involved the application of many techniques, including RTI, IR photography, hyperspectral imaging, and a newly developed technique called ‘photothermal tomography’ (Snijders 2016; Snijders, Zaman, and Howell 2016; Zaman, Howell, and Snijders 2018). The reason for such a broad-spectrum approach was that the materials used to paint the figures was all organic, making it difficult to recover from below the gesso. In Chapter 7 we discussed the use of scanning XRF to recover deeper layer of paintings, but this only works if there are heavier elements present. Hyperspectral imaging allowed us to recover traces of the subsurface colours that were most different from the covering gesso. In practice this means that we got most information on the red areas (Figure 8.3). What we have so far is fragmentary, both because of the technical limitations and because the subsurface text is physically in a bad shape. With such a small corpus however, every bit helps and we continue our work to find more. Interpretation of these figures requires a strong familiarity with the underpinnings of the writing system itself (Snijders 2018).
 
              
                [image: ]
                  Figure 8.3: Top, pages 11 and 10 verso of the Codex Añute (Selden); middle, false colour hyperspectral imaging results after PCA, and bottom, reconstruction drawing of the recognised features (© Bodleian Libraries, University of Oxford).

               
              Although spectral imaging is carried out in relatively few libraries it is a growing field of research and is likely to become more widespread, perhaps becoming a standard technique used in imaging studios. There are three main barriers to adoption in cultural heritage: the cost of the equipment and the time and expertise required to operate it. As with all digital technologies, the costs of equipment are almost certainly going to become more affordable, and the scanning and data processing will become faster and more automated. This will enable spectral imaging to be carried out by non-specialist staff, or by staff currently carrying out digital imaging. Over the next five to ten years it is likely that most research libraries with special collections will have some spectral imaging capability. Sets of narrow-bandwidth LED lights can be seen as a starting point which can be built up over time with better quality cameras, the use of IR cameras, and UV fluorescence. High-end scanning systems using diffraction gratings are likely to develop in the spectral range, giving better spectral and spatial resolution in the infrared region and UV fluorescence spectral imaging. This will allow much more chemical mapping than currently possible in the visible range of the spectrum.
 
             
           
           
             
              References
 
              Bai, Di, David W. Messinger, and David Howell. 2017. “Hyperspectral Analysis of Cultural Heritage Artifacts: Pigment Material Diversity in the Gough Map of Britain”. Optical Engineering 56 (8): 081805. →
 
              Bai, Di, David W. Messinger, and David Howell. 2018. “Pigment Diversity Estimation for Hyperspectral Images of the Selden Map of China”. Paper presented at the conference Algorithms and Technologies for Multispectral, Hyperspectral, and Ultraspectral Imagery XXIV, Orlando. https://doi.org/10.1117/12.2304041. Accessed on 26 November 2019. →
 
              Bergmann, Uwe. 2007. “Archimedes Brought to Light”. Physics World 20 (11): 39–42. →
 
              Chabries, Douglas M., Steven W. Booras, and Gregory H. Bearman. 2003. “Imaging the Past: Recent Applications of Multispectral Imaging Technology to Deciphering Manuscripts”. Antiquity 77 (296): 359–372. →
 
              Cosentino, Antonino. 2014. “Identification of Pigments by Multispectral Imaging: A Flowchart Method”. Heritage Science 2 (1): 8. Accessed 26 November 2019. doi.org/10.1186/2050-7445-2-8. →
 
              Cosentino, Antonino. 2015. “Multispectral Imaging System Using 12 Interference Filters for Mapping Pigments”. Conservar Património 21: 25–38. Accessed 26 November 2019. doi.org/10.14568/cp2015005. →
 
              Delaney, John K., Mathieu Thoury, Jason G. Zeibel, Paolo Ricciardi, Kathryn M. Morales, and Kathryn A. Dooley. 2016. “Visible and Infrared Imaging Spectroscopy of Paintings and Improved Reflectography”. Heritage Science 4 (1): 6. Accessed 14 November 2019. doi.org/10.1186/s40494-016-0075-4. →
 
              Delaney, John, Jason G. Zeibel, Mathieu Thoury, Roy, Littleton, Kathryn M. Morales, Michael Palmer, and René de la Rie. 2009. “Visible and Infrared Reflectance Imaging Spectroscopy of Paintings: Pigment Mapping and Improved Infrared Reflectography”. Proceedings of SPIE – The International Society for Optical Engineering. 7391. 2-. Accessed 14 November 2019. doi 10.1117/12.827493. →
 
              Dyer, Joanne, Giovanni Verri, and John Cupitt. 2013. Multispectral Imaging in Reflectance and Photo-induced Luminscence Modes: A User Manual. [London]: British Museum. →
 
              Easton, Roger L., William A. Christens-Barry, and Keith T. Knox. 2011. “Spectral Image Processing and Analysis of the Archimedes Palimpsest”. In 2011 19th European Signal Processing Conference, Barcelona, 2011, 1440–1444. New York: IEEE. a, b
 
              Easton, Roger L., Keith T. Knox, and William A. Christens-Barry. 2003. Multispectral Imaging of the Archimedes Palimpsest. 32nd Applied Imagery Pattern Recognition Workshop, 2003: Proceedings, Washington, DC, USA, 111–116. New York: IEEE. a, b, c
 
              Easton, Roger L., Keith T. Knox, William A. Christens-Barry, Kenneth Boydston, Michael B. Toth, Doug Emery, and William Noel. 2010. “Standardized System for Multispectral Imaging of Palimpsests”. Proceedings of SPIE – The International Society for Optical Engineering. 7531. Accessed 26 November 2019. doi 10.1117/12.839116. →
 
              Easton, Roger L., and William Noel. 2010. “Infinite Possibilities: Ten Years of Study of the Archimedes Palimpsest”. Proceedings of the American Philosophical Society 154 (1): 50–76. →
 
              Fischer, Christian., and Ioanna Kakoulli. 2006. “Multispectral and Hyperspectral Imaging Technologies in Conservation: Current Research and Potential Applications”. Studies in Conservation 51 (Supp 1): 3–16. a, b
 
              Giacometti, Alejandro, Alberto Campagnolo, Lindsay MacDonald, Simon Mahony, Melissa Terras, Stuart Robson, Tim Weyrich, and Adam Gibson. 2012. “Cultural Heritage Destruction: Documenting Parchment Degradation via Multispectral Imaging”. Paper presented at the EVA conference, London. Accessed 26 November 2019. https://www.researchgate.net/publication/237045051_Cultural_Heritage_Destruction_Documenting_Parchment_Degradation_via_Multispectral_Imaging. →
 
              Goetz, Alexander F.H., Gregg Vane, Jerry E. Solomon, and Barrett N. Rock. 1985. “Imaging Spectrometry for Earth Remote Sensing”. Science 228 (4704): 1147–53. →
 
              Hollaus, Fabian, Melanie Gau, and Robert Sablatnig. 2012. “Multispectral Image Acquisition of Ancient Manuscripts. In Progress in Cultural Heritage Preservation: EuroMed 2012, edited by M. Ioannides et al., 30–39. Heidelberg: Springer. →
 
              Howell, David. 2018. “The Potential of Hyperspectral Imaging for Researching Colour on Artefacts”. In Digital Imaging of Artefacts: Developments in Methods and Aims, edited by Kate Kelley and Rachel K. L. Wood, 37–48. Oxford: Archaeopress. →
 
              Jansen, Marten E. R. G. N., and Gabina Aurora Pérez Jiménez. 2011. The Mixtec Pictorial Manuscripts: Time, Agency, and Memory in Ancient Mexico. Leiden: Brill. →
 
              Khan, Muhammad Jaleed, Hamid Saeed Khan, Adeel Yousaf, Khurram Khurshid, and Asad Abbas. 2018. “Modern Trends in Hyperspectral Image Analysis: A Review”. IEEE Access 6: 14118–29. →
 
              Lapray, Pierre-Jean, Xingbo Wang, Jean-Baptiste Thomas, Pierre Gouton, P. 2014. “Multispectral Filter Arrays: Recent Advances and Practical Implementation”. Sensors 14 (11): 21626–59. →
 
              Liang, Haida. 2012. “Advances in Multispectral and Hyperspectral Imaging for Archaeology and Art Conservation”. Applied Physics A 106 (2): 309–23. →
 
              Marengo, Emilio, Marcello Manfredi, Orfeo Zerbinati, Elisa Robotti, Eleonora Mazzucco, Fabio Gosetti, Greg Bearman, Fenella France, and Pnina Shor. 2011a. “Development of a Technique Based on Multi-spectral Imaging for Monitoring the Conservation of Cultural Heritage Objects”. Analytica chimica acta 706 (2): 229–37. →
 
              Marengo, Emilio, Marcello Manfredi, Orfeo Zerbinati, Elisa Robotti, Eleonora Mazzucco, Fabio Gosetti, Greg Bearman, Fenella France, and Pnina Shor. 2011b. “Technique Based on LED Multispectral Imaging and Multivariate Analysis for Monitoring the Conservation State of the Dead Sea Scrolls”. Analytical chemistry 83 (17): 6609–18. →
 
              Maybury, Ian J., David Howell, Melissa Terras, and Heather Viles. 2018. “Comparing the Effectiveness of Hyperspectral Imaging and Raman Apectroscopy: A Case Study on Armenian Manuscripts”. Heritage Science 6 (1): 42. Accessed 26 November 2019. doi.org/10.1186/s40494-018-0206-1. →
 
              McGillivray, Murray, and Christina Duffy. 2017. “New Light on the Sir Gawain and the Green Knight Manuscript: Multispectral Imaging and the Cotton Nero A.x. Illustrations”. Speculum 92 (S1), S110–S144. →
 
              Saunders, David, and John Cupitt. 1993. “Image Processing at the National Gallery: The VASARI Project”. National Gallery Technical Bulletin 14 (1): 72–85. →
 
              Snijders, Ludo. 2016. The Mesoamerican Codex Re-entangled: Production, Use and Re-use of Precolonial Documents. Leiden: Leiden University Press. Accessed 14 November 2019. http://hdl.handle.net/1887/4370. →
 
              Snijders, Ludo. 2018. “Codex Yoho Yuchi, the Text inside the Mixtec Codex Añute”. In Mesoamerican Manuscripts: New Scientific Approaches and Interpretations, edited by Maarten Jansen, Virginia Lladó-Buisán, and Ludo Snijders, 396–415. Leiden: Brill. →
 
              Snijders, Ludo, Tim Zaman, David Howell. 2016. “Using Hyperspectral Imaging to Reveal a Hidden Precolonial Mesoamerican Codex”. Journal of Archaeological Science: Reports 9: 143–49. Accessed 26 November 2019. doi: 10.1016/j.jasrep.2016.07.019. →
 
              Tanner, Simon., and Greg Bearman. 2009. “Digitizing the Dead Sea Scrolls”. In Archiving Conference 2009: Final Program and Proceedings, 119–23. Springfield, VA: Society for Imaging Science and Technology. →
 
              Terras, Melissa, Helen Graham-Matheson, Gillian Furlong, Steven Wright, Katy Makin, and Adam Gibson. 2015. “Collaborative Digitisation: UCL’s Medieval Manuscript Fragment Project”. Paper presented at the 2015 Digital Humanities Conference. →
 
              Williams, Darrel L., Samuel Goward, and Terry Arvidson. 2006. “Landsat: Yesterday, Today and Tomorrow”. Photogrammetric Engineering and Remote Sensing 72 (10): 1171–78. →
 
              Zaman, Tim, David Howell, and Ludo Snijders. 2018. Imaging Mexican codices, challenges and opportunities. In Mesoamerican Manuscripts: New Scientific Approaches and Interpretations, edited by Maarten E.R.G.N. Jansen, Virginia M. Lladó-Buisán and Ludo Snijders, 380–93. Leiden: Brill. →
 
             
          
 
          
            Notes

            1
              http://www.britishmuseum.org/research/research_projects/all_current_projects/charisma/technical_imaging.aspx. Accessed on 25 November 2019.
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              For an in-depth explanation of this writing system see Jansen and Pérez Jiménez (2011).
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            9.1 Introduction
 
            The identification of complex molecules is virtually impossible when only non-invasive methods are used. Such complex molecules are especially prevalent in organic materials, which unfortunately make up a large part of library materials. Many natural and synthetic organic materials can be found in library collections under numerous guises. Alongside ‘traditional’ materials such as paper, parchment, papyrus, leather and ink, it is very common to encounter natural gums, waxes and resins as adhesives and surface finishes, and decorative and functional parts with dyed or printed textiles and binding media for paint pigments. Frequently photographs, prints and drawings of fine art, design and architecture make their way into libraries. By association with other objects through provenance and context, sometimes even furniture, sculpture and clothing enter library collections. The need and scope for identification of organic materials in library conservation therefore is wide-reaching.
 
            Two analytical methods are appropriate for the identification of organic materials described above: spectroscopy and chromatography. Spectroscopy, as discussed in Chapter 5, offers the non-invasive non-destructive techniques of ATR-FTIR, Raman and FORS options. These keep the physical structure of the object under study intact, with the added benefits of being portable point-and-shoot equipment at a relatively low cost. Chromatography, on the other hand, normally needs a sample of material to be removed from the object. The sample is dissolved in solvent or pyrolysed during analysis, making it unrecoverable. Access to expensive and specialized instrumentation and expertise is a further requirement. Why then even consider chromatography for library or museum objects? The decision whether to use chromatography rather than spectroscopy comes down to the type of question that is being asked and the material that is studied. In essence, chromatographic analysis provides more chemical detail about a material than spectroscopy. Its strength for the heritage science toolkit lies in its ability to determine object authenticity and provenance and to assess material degradation.
 
            Chromatography is based on the principle of separating chemical compounds in a material. Once separated, compounds can then be identified by coupling the chromatographic instrument to one or more sensitive selective detectors. Chromatographic analysis allows targeted analysis for specific individual compounds at nanogram levels (10−9 g) and below, with the compounds separated by subtle differences in molecular properties, for example the number and structural positions of hydroxyl groups. The outcome is a characteristic chemical profile for a material composed of one or more individual compounds that can be very similar or present in trace amounts. Chromatography is necessary when the level of specificity and differentiation cannot be achieved by whole sample techniques such as ATR-FTIR, Raman and FORS, which respond to molecular bonds common to related compounds without distinction between multi-component mixtures or degradation products. The conservation questions best answered by chromatography are those about the origin of a natural or synthetic organic material – its biological source or production, whether it is a mixture – and the causes and effects of degradation. Chemical separation is especially useful for identifying and studying the individual compounds of organic materials, which tend to be multicomponent by virtue of inherent natural composition or synthetic production as well as a consequence of processing. A spectroscopic technique such as ATR FTIR can readily differentiate a natural plant-based gum from a proteinaceous adhesive from an animal origin because gums are carbohydrates with no amide compounds. Likewise FORS can distinguish a plant red dye from an insect red dye by showing that the visible absorption maximum is 560 nm rather than 590 nm. Limitations are met in spectroscopy when the identification needs to be more specific – is the gum adhesive guar or acacia, or is the insect red dye source cochineal or lac? This specificity relies on distinctive ‘marker’ compounds and is where chromatographic analysis is a better choice than spectroscopy alone. It is these subtle differences that are needed to establish the source or production of a material, or assessing the chemical changes to it from ageing and degradation.
 
            Chromatography has been used for heritage science since the early 1950s, with one of the first published studies being paper chromatography for natural resins (Mills and Werner 1952). From then came thin-layer chromatography (TLC) for ancient adhesives and varnishes (Masschelein-Kleiner, Heylen, and Tricot-Marckx 1968); gas chromatography (GC) for synthetic paint media (Breek and Froentjes 1975), high-performance liquid chromatography (HPLC) for dyes (Wouters 1985); size-exclusion chromatography (SEC) for painting resins (de la Rie 1987); pyrolysis GC for amber forgeries (Shedrinsky, Grimaldi, Boon, and Baer 1993), and ultra HPLC (UHPLC) (van Bommel et al. 2007). Applications include TLC, HPLC and GC for textile dyes, inks and wood stains and for amino acids in proteinaceous fibres and adhesives. Gas chromatography is common for oils, waxes, resins and gums in paint media, coatings and adhesives and additives such as binders for paint and ink and plasticizers. Polymers are best analysed by pyrolysis GC and SEC. As the date range for the various publications indicates, the period from the 1970s through the 1980s was especially significant for the introduction of chromatographic methods into heritage science. Many chromatographic methods are now well established for organic materials in historical artefacts. Chromatographic analysis plays an especially important role in qualitative and quantitative studies for heritage science, finding extensive application in studies of aged organic materials susceptible to chemical changes from reactions and interactions with environments – temperature, humidity, light and oxygen – that add to their chemical complexity and introduce variables. For most library collections the yellowing and disintegration of paper, fading of inks and dyes, and sticky release of plasticizers in plastics are unfortunately all expectations rather than possibilities. Chromatographic analysis has enabled chemical differences from these changes to be studied and compared for re-created materials, accelerated aged models and ‘real-time’ historical objects to understand the cause and effect of degradation.
 
            This chapter has a slightly different format than the previous chapters. Rather than dedicating one section to each individual technique, the first section deals with different methods for separating the compounds, while the second section deals with different detectors. The reason for this is that each method for separation has its own advantages when combined with a specific detector, and in some cases detectors can be used on multiple separation methods. It is no use to separate compounds using techniques such as gas chromatography (GC) and liquid chromatography (LC) without the appropriate detection method to enable the separated compounds cannot be identified. Key detection methods for chromatography are mass spectrometry (MS), ultraviolet-visible detection (UV-Vis), (photo-)diode array detection (PDA, DAD), fluorescence (FL), and refractive index (RI).
 
            There is much first-rate literature giving specialist details for methodologies, technical improvements and new developments in heritage science and the related fields of analytical chemistry, biochemistry and forensic science. Current advances for historical material applications are mainly in methods of sample introduction and detectors, with more statistical correlation of data to place an unknown in a material context by its spread of components rather than proscriptive specifics. Development continues to improve sample preparation detection and data interpretation through major research collaborations such as EU-ARTECH, CHARISMA and IPERION.
 
            For the purposes of this chapter, basic principles of established methods, rather than a comprehensive overview and critical discussion of all applications, are presented to introduce concepts of chromatography. Readers interested in more technical details will find several excellent reviews, books and conference proceedings well worth consulting (Stuart 2007; Colombini and Modugno 2009; Degano et al. 2009; Artioli 2010; Ferreira et al. 2009; Madariaga 2015; Mazzeo 2017; Shahid et al. 2019).
 
            
              Sampling
 
              Choosing chromatography over spectroscopy for a library object usually entails taking a sample. Because removing material from objects is a major issue and involves conservation and curatorial input, it deserves a little reflection before the technical details of chromatographic analysis are discussed. A deciding factor for permitting sampling is the importance and necessity of gaining a high level of chemical information about the material. In other words, how much will the analysis benefit the object or a collection? Sampling for chromatographic analysis of organic materials in precious library objects is justified if there is good reason to understand the chemical composition of the material in detail. The binding media of illuminated scrolls (Lluveras-Tenorio et al. 2012) and the Selden map (Kogou et al. 2016), and synthetic inks used by Van Gogh in his letters and drawings (Centeno et al. 2016) are some examples of library-relevant research involving chromatographic analysis of a sample, albeit very small, taken from objects. These multi-analytical studies demonstrate the powerful combination of spectroscopic analysis for general material identifications before chromatographic analysis, exemplifying why chromatography has remained relevant and appropriate alongside the introduction and development of non-invasive and non-destructive analytical methods. The principle of combining techniques starting with non-invasive ‘screening’ in as many relevant ways as possible before destructive analysis is well established in heritage science. Good examples of it are multispectral imaging before dye analysis (Dyer, Verri, and Cupitt 2013; Dyer et al. 2018) and the concluding study of the Monitoring of Damage to Historic Tapestries research collaboration (Odlyha et al. 2005).
 
              The decision to sample is a responsibility often given to conservators with no sampling policy in place. To help navigate the decision process for analytical research, the Heritage Science Group of the United Kingdom’s Institute of Conservation (Icon) has developed and published guidance. The Icon Ethical Sampling Guidance considers different circumstances for sampling framed by professional conservation (Quye and Strlič 2019). The guidance centres around advantages and disadvantages of non-invasive and invasive techniques from the perspectives of the analyst and, importantly, the custodian of the object – conservators, curators, collection managers and owners – on a case-by-case basis. When a non-invasive method is unable to answer the material question adequately, sampling can be justified if it is permissible. Thinking about material analysis in an objective way helps address overly optimistic expectations for high-level specificity for material characterization by non-invasive spectroscopy-based analysis. Portable instruments and the kudos of accessing prestigious objects or being ‘scientific’ with an easy-to-operate point-and-shoot instrument underplays the skill of the spectroscopist needed for the interpretation of results from complex historical materials, and overshadows the technical limitations of the methods. In such instances, ethical questions arise around the impact of not answering the research question fully or incorrectly.
 
             
            
              Risks and limitations of chromatographic analysis
 
              Dye analysis by HPLC and UHPLC, as well as TLC, all require samples of thread, yarn or fabric to be taken from the textile artefact, and the dye components to be extracted with solvents by a sample preparation step prior to analysis (Quye, Hallett, and Herrero Carretero 2009). Although the samples are destroyed by the analysis, the scientific value of the information gained for artefact provenance and colour damage risk predictions can be high enough for conservators and curators to permit sampling from discreet or damaged areas or loose ends of textiles. A single thread of 5 mm length or a piece of fabric 5 mm2 is adequate for the highly advanced techniques such as HPLC and UHPLC (LC) which will be discussed below.
 
              When sampling is necessary, analysts must weigh up expectations and limitations of analysis beforehand,and have enough specialized chemical and historical material knowledge to ensure quality data and meaningful interpretation. The analyst must also take responsibility for documenting samples and sampling locations with unique identifiers, and undertaking or guiding sampling in person whenever possible, as well as keeping a detailed and secure record of the analytical method and data, reporting the results, and returning any unused sample to the collection. Useful guidance for sampling plans and sample documentation for material analysis in heritage science is given by the British Standard EN 16085 (British Standards Institution 2012).
 
              Where to sample from, how much is needed, what implement to use and how to contain the sample are four key questions for removing material from an object. Sampling from an object is a decision made between the analyst and the custodian. Choosing where to sample and establishing the minimum amount required needs the analyst’s input to ensure that the right sample for the question and technique are taken. Ensuring the safety of the object on both structural and aesthetic grounds, as well as the actual removal of the material, is best done by a conservator, unless the analyst is particularly experienced in this field. It is important to discuss a pathway beforehand to ensure everything is prepared for sampling and that the task is done in a controlled and calm way. Some form of magnification under good lighting and means of photographing the object before and after sampling are often essential.
 
              It is tempting to go for a loose or dislodged piece, but this might not be relevant for the question. It may not even have come from the object under study. Fibres and particles are easily transferred unwittingly, and dust can be misleading. Personal experience of dye analysis of loose textile fibres caught in the inside of an ancient Egyptian sarcophagus and finding it to be synthetic is testament. If the analysis is to identify the source of the material, a sample from the most protected part of the object is best, to minimize chemical change from environmental exposure. A bonus will be if this can be taken from a discreet area, which for a three-dimensional object can be underneath, behind, or inside. This is more challenging for a two-dimensional surface. It seems obvious that if the question concerns degradation and ageing, then this degraded areas is to be sampled. It might be expected that this will be easiest, but as this is usually the most exposed area, it can be the most difficult to take without affecting the item aesthetically.
 
              Sample sizes vary from a printed-full-stop sized sample for binding media analysis to an eyelash-length yarn for dye analysis. Sample sizes for gas chromatography are often a pinprick in size. Sampling tools include scalpels, fine-point tweezers, bow-sprung scissors and tungsten needles, in conjunction with magnification and good lighting. Containers should be of a suitable size and made of an inert, non-static material, otherwise the tiny sample becomes frustratingly difficult to remove without risk of loss. Samples can be sandwiched between clean glass slides or enveloped in acid-free tissue or filter paper, and labelling is best done with pencil rather than ink to reduce chances of cross-contamination. Plastics with plasticizers become troublesome interferents in trace analysis, so polypropylene and polyethylene are best. Laboratory spaces for sample preparation and analytical equipment need to be clean, environmentally stable and dedicated to trace-organic analysis. Samples needs to be assigned their own unique code, so that no mix-up takes place during or after analysis.
 
              From a practical perspective, successful chromatographic analysis depends on three essential factors. Can the compounds of interest be mobilized with solvents or by heating? Are the analytical conditions good enough to separate the compounds of interest adequately? And is the detector sensitive or specific enough to detect these compounds? Sometimes there is no suitable method or reference material in existence, and the resources needed to develop them outweigh the gains. This is why seemingly straightforward material questions cannot always be answered: even the most sophisticated scientific technique cannot provide all the answers all of the time. Knowing the possibilities and limitations of chromatographic analysis is therefore useful for curation and conservation in libraries and archives.
 
              Chromatographic analysis involves the application of interesting, challenging chemistry to develop the best experimental method and understand the results. Analysts need knowledge of material chemistry to select the right methodology for the material and the question being asked, and laboratory skills to prepare samples and references and to operate and maintain the sophisticated, sensitive and expensive equipment. Good communication and close collaboration with conservators and curators allow the right sampling location for the question posed to be selected, the taking of a minimal but adequate amount of sample, and the interpretation of the data for meaningful conclusions. Analysts tend to specialize in a single chromatographic technique and develop expertise for specific applications such as paint media or textile dyes, with larger research groups offering a suite of techniques. It is important that analysts are not only expert in their technical skills but also responsible and well-informed about heritage science, with conservation awareness, to consider risks and benefits of analysis.
 
              The aim for a good chromatographic method is that each compound is to be retained long enough for small molecular structure variances between similar chemical compounds to be differentiated, and for all molecules of each compound to experience the same interaction so that they chromatograph as a well resolved group and reach the detector at the same time. Successful chromatographic analysis for source identification of organic materials usually relies on distinguishing between compounds with very similar molecular structures. This can come down to the difference between the type or structural position of just one functional group or bond within the molecule, which necessitates very careful development of the right chromatographic conditions to ensure satisfactory separation.
 
              To make identifications by chromatographic analysis, the chemical profile of multiple compounds and their distinctive combinations for the unknown material are matched to those of known reference materials. In this respect, chromatography plays another valuable analytical role in heritage science, that of ensuring organic reference materials are what they claim to be. Indeed, chromatography is essential in commercial research and quality control for the manufacture of raw and processed natural and synthesised materials. Several major heritage-science research projects have used chromatographic analysis for foundational rigorous studies to ensure organic reference materials are correct (Kirby et al. 2014; Quye, Hallett, and Herrero Carretero 2009).
 
             
           
          
            9.2 Separating compounds
 
            The theory of separation that applies to analytical chromatographic methods is that the compound molecules are ‘mobilized’ by a liquid or gas carrier over a stationary material that attracts the molecules to different extents by chemical and physical processes. The basics of this principle, whether liquid (LC) or gas (GC), is best explained by the everyday example of when a water-soluble ink spreads on wet absorbent paper. In this situation, the ink compounds are dissolved in the water ‘mobile phase’ and carried over the paper ‘stationary phase’ by the capillary action of water. Say this water-soluble ink is coloured red. It might be a single red colourant, a mixture of reds or a combination of colours for a desired shade. If the ink spreads across the paper as one red colour, it is likely to be a one red colourant of a single one chemical composition. If the ink separates into two or more bands of red, our educated guess is a mixture of two reds with different chemical properties. If the ink separates into red and yellow components, we deduce the overall red colour is a result of two or more colourants mixed together.
 
            How far each colourant travels and how much it separates from others in a mixture depends on differences or similarities between the molecular structures of the ink’s colour chemical components as they interact with the molecules of the paper stationary phase and the water mobile phase, and transfer in and out of porous parts of the paper’s polymeric structure. These immobilizing interactions between the ink compounds and the two phases, called retention, are due to an effect called partitioning, a combination of weak molecular hydrogen bonding and Van der Waals force interactions, together with and physical transfer by absorption and desorption with the stationary phase. To be fully chromatographed, the ink mixture needs all its coloured compounds to partition as efficiently as possible by the time the water mobile phase reaches the maximum length of the paper stationary phase.
 
            We can make judgements about relative differences and similarities between the dye compounds depending on how well they separate, in turn waiting to their retention. Such relative differences are related to general characteristics of molecules, such as their polarity. ‘Polarity’ is the imbalance of the positively charged and negatively charged parts of the molecule. High polarity means that one side of the molecule has a positive charge, and the other a negative charge. In fully symmetrical molecules, the polarity is zero, i.e. it is non-polar. Since the polarity of a molecule has an impact on its interaction with other substances, it is also an important factor in the separation of different molecules in a mixture.
 
            If we see distinct and separate coloured bands when we separate the components of a colour ink, the mixture of compounds is said to be resolved. Resolved components signal compounds that have experienced different partitioning effects from weak bond interactions between their molecules, the paper and water. If there are two resolved red bands, the likelihood is that they are two chemical classes of red colourants with different fundamental molecular structures, say a mixture of azo and triarylmethane colorants, for example. Resolved red and yellow components are likely to have different chromophoric functional groups (carbonyl, amino or sulphonic groups), lengths of conjugated chains (number of carbon atoms and/or nitrogen atoms with alternating single and double bonds between them) or type or number of colour-enhancing auxochromic groups (hydroxyls, methyls and suchlike). If a red colour remains at the spot where the ink was put on the paper, this indicates coloured compounds which are not very soluble in the mobile phase, in this scenario a sign that they are probably highly non-polar, perhaps with few hydroxyl or many alkyl functional groups. Our eyes detect the visible spectral consequences of the above molecular effects, but not the structural detail needed to specify chemical classes to pinpoint sources.
 
            
              Paper chromatography (PC) and thin-layer chromatography (TLC)
 
              The above scenario of ink separation with paper and water is a crude description of paper chromatography (PC). PC was one of the first published chromatographic applications in heritage science, the analysis, under controlled laboratory conditions, of natural resins in paintings (Mills and Werner 1952). More advanced chromatographic techniques have been developed since then, but the relative simplicity of PC serves well to illustrate chromatography in general. For PC analysis, samples are dissolved in a solvent and spotted with individual fine capillary tubes or needles onto a pencil-marked line near the edge of the paper. The paper, loaded with samples, is then suspended in a shallow amount of mobile phase solvent inside a lidded glass container. Multiple samples can be loaded in a row on the stationary phase and ‘run’ simultaneously. The mobile phase can be a single solvent but is often a mixture developed to maximize the spread of the compounds of interest. The distance that each compound travels from its start position to its maximum is measured and ratioed against the distance of the ‘solvent front’, the maximum travel distance of the mobile phase (Rf) in the run time. Patterns of Rf for separated compounds are diagnostic for different materials.
 
              Thin-layer chromatography (TLC) is an advancement on paper chromatography, with stationary phases of silica microparticles 10–12 μm in diameter bonded to a glass or aluminium plate. It was the dominant liquid method in the early years of chromatography until the 1970s, when high-performance liquid chromatography (HPLC) was developed. Early examples of TLC for heritage studies are identifications of adhesives, varnishes and proteins in paint binders using ninhydrin to visualize the separated compounds (Masschelein-Kleiner 1974), plant gums (Kharbade and Joshi 1995) and dye analysis (Taylor 1992). The stationary phase for TLC analysis uses pure or chemically modified porous silica coated onto glass or a metal support (plate), and the mobile phase either a non-polar organic solvent or an aqueous or polar solvent. As with PC, the TLC plate is placed in a shallow amount of mobile phase in an enclosed tank. Useful TLC stationary phase options include polar silica or kieselguhr (a diatomite silica) with ‘normal phase’ mobile phase solvent mixes such as hexane, and chloroform for non-polar organic compounds such as waxes. Alternatively, ‘reversed phase’ (RP) with non-polar alkyl compounds of 8 (octyl, C8) or 18 (octadecyl, C18) carbon atoms bonded to silica or kieselguhr with polar, often aqueous, mobile phases with high-purity alcohols, chloroform, pH modifiers such as ammonia, and salts can be used. RP-TLC was used extensively in heritage science from the 1970s to the 2000s for the binding media of paintings (Striegel and Hill 1997) as well as natural dyes, and recently to isolate synthetic ink compounds in artists’ felt-tip pens with an innovative TLC stationary phase of silver iodide on gold-coated glass plates before identification by SERS and FTIR (Germinario et al. 2018).
 
              TLC is an efficient and relatively low-cost technique for common substrates and is very effective in expert hands. Despite its seeming simplicity, TLC needs great skill but even with continuing developments, its separation power is limited by using a thin layer of stationary phase. High-performance TLC (HPTLC) with smaller 5 μm silica particles and automation was introduced in the early 1970s and today is used extensively in industrial analysis to screen natural biochemical and pharmaceutical materials. (HP)TLC is limited by the amount of stationary phase on the plate and the fact that the mobile phase moves by capillary action and hence has a slow rate. Furthermore, the size of the plate is a physical restriction for the amount of stationary phase that can be used and the time available for the mobile phase to interact Because it offers little advantage over TLC in heritage material applications and HPLC arrived about the same time as its introduction, HPTLC has had little application for library and museum material analyses.
 
             
            
              High-performance liquid chromatography (HPLC) and ultra-high-performance liquid chromatography (UHPLC)
 
              High-performance liquid chromatography (HPLC) relies on the same principles as (HP)TLC, but incorporated into an instrument that allows it to be done much faster and more precisely. While TLC requires visual inspection of the separated compound on the plate, HPLC measures it instrumentally It appeared in 1970 and now has countless analytical chemistry and biochemistry applications, especially in RP-HPLC mode (non-polar stationary phase, polar mobile phase). HPLC was applied to heritage science in the 1980s, significantly by Wouters for historical and archaeological dye identification (Wouters 1985). The stationary and mobile phases are similar to TLC with advantages of better separation and instrumental detection. HPLC has two major technical differences from TLC: a column to hold the stationary phase particles to increase surface area and hence contact time with the mobile phase, and high pressure to force the mobile phase through the column at a quick and constant rate. Efficiency of separation, direct detection by an instrument and quantification of major and minor compounds are the major advantages of HPLC over (HP)TLC.
 
              RP-HPLC stationary phases using C18 or C8, sometimes phenyl, are the most common and versatile library materials, and work well for polyaromatic compounds in natural and synthetic dyes, carbohydrates of gums, and amino-acid derivatives1 from wool and silk fibres and binding media (Vanden Berghe 2012). An amine-modified silica has also been used for proteinaceous binders in manuscripts (Le Gac et al. 2013). HPLC silica stationary phases have smaller, more spherical particles than TLC, with 3–5 μm diameter and pores averaging 7 μm rather than ranging up to 100 μm. These HPLC nanoparticulates are tightly and densely packed into inert metal columns between 10 and 25 cm long with between 2.1 mm and 4.6 mm internal diameters. The physical properties of these tiny, uniform and multitudinous silica beads significantly improve chromatographic efficiency for superior separation over TLC because the efficiency of the stationary phase (N) is inversely proportional to particle size (dp).
 
              Invariably the ‘real-life’ materials of library and museum objects pick up unwanted non-polar residual compounds, e.g., dirt, that end up in the extracted samples and are indelibly attracted to the non-polar RP stationary phases over time, ultimately changing chromatographic behaviour and decreasing partitioning, resulting in poor resolution. As the column is one of the most expensive regular consumables for HPLC, a short sacrificial guard column with the same stationary phase as the main analytical column can be attached to the inlet to prolong its operational life, although this increases the system pressure. For the mobile phase to pass through this packed HPLC column, a high-pressure pump operating around 6,000 psi is needed (for context, the squeeze of a blood-pressure monitor cuff is just 3 psi) to achieve an optimal mobile phase flowrate of 1–1.5 mL min−1.
 
              Mobile phases for chromatography need to solubilize sample compounds and preferentially attract them from the stationary phase so that compounds are released within a reasonable run time, with 30–40 mins being acceptable. Common solvents for mobile phases, also called eluents, for library and museum material analysis by RP-HPLC are aqueous mixtures with polar water-miscible organic solvents. Eluents for RP-HPLC solvate compounds through hydrogen bonding, dipole-dipole interactions and van der Waals forces, with water, methanol (CH3OH), acetonitrile (CH3CN) and tetrahydofuran (THF, (CH2)2O) appropriate for dyes, proteins and gums of historical interest. Modifiers like tetraammonium butyrate, formic acid, and buffers of citrate and acetate salts can be used to control and maintain pH for more efficient partitioning, although salts can be problematic for mass spectrometric detection. Regardless of the choice, solvents and modifiers must be free of impurities and additives for maximum sensitivity, demanding (expensive) analytical-grade chemicals and high-quality de-ionized and distilled-grade water (ultrapure quality of 18 MΩ).
 
              There are two choices of HPLC mobile phase pump – isocratic and gradient. Isocratic pumps deliver either a single solvent eluent or one constant composition of a mixture of solvents/additives. Gradient pumps combine two, three or four different solvents to deliver a single mixed eluent of changing composition during analysis, while maintaining constant pressure and flowrate. Solvents readily absorb air, which prevents both types of pump from working properly, so they are degassed by vacuum or purging with helium gas. The solvent is transferred from the pump to the sample injector, column and detector via narrow-bore (1 mm internal diameter) stainless-steel or, if THF is not used, plastic (PEEK) tubing. Viscosity can change subtly with room temperature, affecting flow and causing column backpressure and the instrument to shut down. It is therefore usual to heat the column, usually to 40°C, to smooth out mobile-phase viscosities from changing eluent ratios. Samples are introduced into the eluent dissolved in a solvent (explained below), injected into the mobile-phase flow, typically in volumes of 10–50 μL. A Rheodyne injector system is used to minimize interruption of the mobile-phase flowrate or pressure. Injection can be manual or by an autosampler. The solubilized sample flows through the column where the compounds are partitioned between the stationary and mobile phases, and the separated compounds are carried by the mobile phase to the detector. The eluent with sample exits the detector and is collected in a waste container for disposal. The main practical issues to look out for are leaking joints between the tubing and the injector, column and detector.
 
              Gradient elution is especially useful for multicomponent materials, and allows fine tuning of conditions to optimize retention, and therefore separation, of compounds. An example from the Centre for Textile Conservation and Technical Art History (CTCTAH), University of Glasgow laboratory is a method for dye analysis that allows coloured polyphenolic compounds – flavonoids, anthraquinones, neoflavonoids, orceins, curcumins, berberines and indigoids – to be separated in a single run for each historical dye sample. Separation is achieved by a gradient pump and three eluents – 10% aqueous methanol (eluent A), 100% methanol (B) and 1% aqueous formic acid (C). The pump siphons off and mixes specific amounts of each prepared solution, held in separate bottles (reservoirs), to create a mobile phase of changing composition. The method we use starts with 80% A, 10% B and 10% C, changing over 40 minutes to end with 0% A and 90% B, with eluent C pumped at a constant 10% throughout. The change is ramped and stepped: for example, at 14 minutes the eluent is 30% A, 60% B and 10% C. This composition is held for 9 minutes before another ramped change. The increasing percentage of methanol gradually solubilizes the less polar compounds. This allows, for example, flavonoids (polar) and indigoids (less polar) to be separated in one run, and even two anthraquinones differing by one -OH group to be resolved. HPLC has been used to study dyed textiles in historical dyers’ manuals in library special collections and archives to understand past dyeing techniques and colour production (Quye et al. 2003; Nowik 2016; Ortega Saez 2018).
 
              Developing short compositions and gradient programmes for different types of samples takes time, so analysts share their methods. The one used at the CTCTAH was developed by conservation scientist colleagues at the University of Amsterdam (Serrano, van Bommel, and Hallett 2013). The natural materials encountered in historical library objects have much commonality with botanical and food items, so analytical protocols for published methods and new developments in these fields are a good starting point for new methods and for improvements and new developments. Much technical development is needed for HPLC to find the right combination of stationary and mobile phases to separate the compounds and, critically, to balance minimal dispersion of the compounds and maximize the time for them to interact and partition between the stationary and mobile phases within a reasonable run time. The payback is the ability to chromatograph complex mixtures with slight differences in molecular structures and detect them at nanogram levels. An example of library applications of RP-HPLC has been the differentiation of gum binders in illuminated Portuguese charter manuscripts (Le Gac et al. 2013). How well compounds can be separated (the resolution) depends on the properties of the stationary phase (the type and number of plates used), the retention time (how long the measurement takes) and the difference between the compounds under investigation.
 
              Ultra-high-performance liquid chromatography (UHPLC) is a recent development of HPLC, introduced in 2004 for biochemical application and for historical dyes in 2007 (van Bommel et al. 2007). Using non-porous particles even smaller than HPLC, UHPLC increases resolution and shortens retention times to allow lower quantities of compounds in the order of picogramme (10−12g) to be efficiently chromatographed and detected. The attraction for heritage science is the requirement for smaller samples, and UHPLC has been used to study textiles in dyers’ pattern books in library special collections and archives (Wertz, Quye and France 2016) (see case study below). The greater partitioning efficiency of UHPLC is achieved with narrower tubing and column diameters than HPLC, made possible by a new generation of RP-modified silica stationary phases made of bridged ethyl-siloxane/silica hybrid material with minimal porosity to be stronger and so to withstand the great pressures exerted, up to 15,000 psi. UHPLC mobile-phase flowrates reduce considerably, down to 0.2 mL min−1, so there is significantly less solvent for a 40-minute run, making it more economical and ecologically sound than HPLC. UHPLC equipment looks and operates in the same way as HPLC, but it has far narrower tubing, so needs more care and attention with extra filtration of samples and solvents to remove particulates and stray fibres that easily cause blockages and overpressure the system. HPLC methods can be converted to UHPLC but reference data for identifications need to be re-run because compound retention times and orders change, and more compounds are detected by UHPLC. UHPLC equipment is more expensive than HPLC but is gradually finding its way into more heritage science laboratories as older HPLC equipment is replaced, although exchanging an HPLC chromatograph connected to an existing mass spectrometer with UHPLC is not straightforward because the high pressure difference is problematic.
 
             
            
              Size exclusion chromatography (SEC)
 
              Another useful liquid chromatography technique for heritage science, around since the 1980s, is size exclusion chromatography (SEC), also known as gel permeation chromatography (GPC). It is used for the analysis of macromolecules in polymeric materials such as paper, parchment, textile fibres and plastics (Hallett and Howell 2005). One of the first SEC applications in heritage science was to the analysis of painting resins (de la Rie 1987). A major difference of SEC compared to other liquid chromatography methods is that compounds are separated and differentiated by molecular size from diffusion differences into and out of a porous stationary phase made from polystyrene gels and deactivated silica to minimize secondary bonding interactions. The chromatograph equipment and eluents are the same as for HPLC, with stationary phases that are rigid and stable polymers with a known and controlled porosity range, such as polydivinylbenzene.
 
              SEC has been applied in library materials to the measurement of degrees of polymerization of paper cellulose – an indicator of degradation from shorter chains – an important factor before mass deacidification of wood pulp paper as a conservation treatment. Polymers from small samples can be analysed so long as the sample can be solubilized. This becomes a restricting factor for SEC because aged polymeric samples can be very difficult, if not impossible, to solvate. SEC gives very useful information, including lignin from paper, but is also an involved process that needs to be justified when techniques such as UV-visible spectroscopy and viscometry are viable screening alternatives (Łojewski et al. 2011).
 
             
            
              Gas chromatography (GC)
 
              Gas chromatography (GC), or more correctly gas-liquid chromatography, was developed in the early 1950s. Like HPLC it has remained a key organic-material analysis method in many different fields. For library and museum materials, GC is the best identification method for the thermally stable large organic compounds in resins, oils, waxes, fats, plastic additives and pesticides and has been applied consistently from synthetic paint medium in 1975 (Breek and Froentjes 1975) to a recent application to dyes (Poulin 2007). It has been especially useful for identification of oil glycerides in paint media, and it is able to partition isomeric compounds (which have the same molecular composition and weight but different positions of the functional groups and side chains).
 
              The principles of GC and LC are the same: sample compounds are carried by a mobile phase flowing over a stationary phase for separation relating to molecular structure differences and then detection. GC differs from LC by having a gaseous mobile phase of pure (99.99%) helium or another inert gas instead of a liquid, and the stationary phase is a thin layer (0.1 to 0.3 μm) of high-boiling-point polymer or liquid coating inside a glass capillary column. The column is very long (15 to 30 m) and fine (0.2–0.4 mm internal diameter) with enough flexibility to be coiled with care onto a metal support about 20 cm in diameter, to suspend the column inside a heated chamber.
 
              Gas chromatography samples are heated so that volatile compounds are released for partition and separation on the column. Under changing temperature conditions, the volatile compounds experience vapour pressure differences between the stationary phase and mobile gas phase, and molecular interactions with the stationary phase coating. The stationary phase is traditionally a cross-linked methyl- or phenyl-substituted dimethyl polysiloxane, named to indicate the amount of substitution (5%-phenyl)-methyl siloxane, or a polyethylene glycol which is sensitive to oxygen degeneration, and the porous-layer open tubular (PLOT) columns. Volatile compounds move with the carrier gas through the chromatograph by fine stainless-steel or copper tubing of 0.1 mm to 0.25 mm internal diameter and enter different temperature zones inside the instrument. Critical zones are the column oven, which follows a precisely programmed temperature gradient between 50°C and 350°C for efficient partitioning, and the injector, which tracks the oven temperature to ensure all compounds are released and reach the column. The exit port post-column and pre-detector is held isothermally a few degrees above the maximum programmed column temperature of 350°C to ensure all volatilized compounds reach the detector. Carrier gas flowrate is programmed to change in the range of 2 mL min−1 to 10 mL min−1 during the run to maintain constant pressure when the oven temperature changes. Runtimes are similar to those of liquid chromatorgraphy, around 30–40 minutes per sample. Detection limits are in the order of 10−12g.
 
              There are three common methods of getting the sample into the GC carrier gas. One is to inject the sample as pre-treated solvated liquid (discussed below) via a needle using a manual syringe or an autosampler that pierces a self-sealing silicone septum, or directly onto the column head with a fine capillary needle: this is called on-column injection. Another is to pyrolyse an untreated solid sample at temperatures around 500–600°C in a special inlet, in split-injector mode with carrier gas ‘dilution’ of the sample if needed. This is called py-GC: one successful application of this method has been the characterization of traditional East Asian handmade papers by triterpenes and phytosterol compounds (Han, Daheur, and Sablier 2016). It is particularly useful on aged insoluble and/or cross-linked historical resins, binding media, plastics, rubber or fibres. The third method, developed for air-borne volatile compounds, is to collect and trap the compounds on a very short length of GC-like capillary column (solid-phase micro-extraction, SPME) or a HPLC-like microparticulate column like Tenax (thermal desorption, TD) and to heat this mini-column in the inlet to re-release the compounds. An example of the application of this technology is the study of pesticide vapours in museum stores (Rushworth et al.2014) and a case study for modern paper given below.
 
              As with liquid chromatography, much research has gone into method development for different materials of heritage interest, although it is fair to say that GC has fewer variables than HPLC or UHPLC and is therefore by comparison relatively more straightforward. From a practitioner’s viewpoint, the instruments are easier to operate and maintain. Problem troubleshooting usually revolves around loss of the stationary phase from repeated heating (column bleed), retained highly non-polar compounds in the injector and on the column head that are gradually released with repeated injections (carry-over), and overload if the sample compounds are in too high a concentration. Plasticizers from plastic are a common contaminant at the level of detection.
 
             
            
              Ion chromatography
 
              The above-mentioned chromatographic methods are all for organic compounds, but there is one particularly useful LC technique called ion exchange chromatography (IC) for soluble cationic and anionic inorganic compounds in heritage collections and spaces. IC has been applied to the quantification of air-borne pollutants in library and museum environments, namely, the acetate, nitrate, sulphate and chloride anions (CH3COO−, NO3−, SO42−, Cl−) and calcium, sodium, and ammonium cations (Ca2+, Na+, NH4+) deposited on the surfaces of walls and showcases in archives were studied using IC and inductively coupled plasma mass spectrometry (ICP-MS) (Skytte et al. 2017) These techniques were also applied to study inherent degradation compounds in cellulosic plastics (Mazurek et al. 2019; Quye et al. 2011). ICP-MS is similar to IC, the main difference being that it uses plasma to separate compounds that are non-soluble into ions. These can then be measured using the MS detector (see Detectors, below).
 
              In IC the mobile phase is aqueous and can be a miscible organic solvent such as acetonitrile or an aqueous soluble salt such as sodium carbonate (Na2CO3) with sodium hydrogen carbonate (bicarbonate) (NaHCO3), or mixtures The elution method can be the same throughout the measurement, which is called isocratic, or the mixture can be varied over the course of the measurement. When it is changed, the elution method is said to be gradient, which may have an impact on the retention time and thus the speed of the test. For anion analysis, a polymethylmethacrylate-based column with 6 μm bead size is suitable, and capillary columns are available too. The quality of water for the eluent, especially the total organic content, is critical to successful analysis, affecting efficiency of partitioning and separation and detection background. Also, ionizable compounds are responsive to pH levels (relative acidity), which influences ionization states and solubilities and therefore needs to be controlled during analysis, which is a role of the eluent.
 
             
           
          
            9.3 Detectors
 
            The separation methods described above are only half of the chromatographic analysis story. Detectors are essential to differentiate separated compounds eluted from the column and to identify them by quantitative and qualitative measurement and comparison with reference compounds. Detectors are coupled in sequence after the column so that the partitioned and (hopefully) well resolved compounds pass to them. This is why chromatographic techniques are expressed as hyphenated terms, such as GC-MS or HPLC-UV/vis.
 
            The role of the detector is to stimulate and respond to the atomic structures of organic compounds. For example, a UV-vis detector responds to the energy and wavelengths of UV and visible light and is ideal for (U)HPLC analysis of dyes and inks, and coloured compounds. An especially powerful detector for liquid and gas chromatography is a mass spectrometer, which fragments compound molecules into smaller parts, ionizes them by bombardment with gases or liquids, then separates the fragments by charge differences to measure their mass-to-charge ratio. Other more specialized detectors use fluorescence for (HP)TLC and (U)HPLC of chemically tagged compounds, conductivity for IC and refractive index for SEC. These sensitive and selective detectors offer atomic-level interaction, and when combined with molecular-level compounds separated by the chromatographic system it is possible for compounds to be readily differentiated at the nanogram to picogram level (10−9 to 10−12 g). To ensure maximum sensitivity, it is essential that mobile-phase solvents and chemicals and those for sample preparation (see below) are pure and do not compete with or obscure compound detection. Detectors collect a large amount of data, generating large file sizes that need good management to ensure there is enough computer storage and that data is securely and regularly backed up.
 
            
              UV-vis, Photodiode array (PDA), and fluorescence detectors
 
              Three spectrophotometric detectors are commonly used for LC analysis of a wide range of organic compounds: variable wavelength (UV-vis); photodiode array (PDA, also called diode array detection, DAD); and fluorescence. These very sensitive detectors expose compounds in the mobile phase to wavelengths of light as they pass through a flow cell with a small volume of 6.5 μL to 10 μL. UV-vis and PDA detectors generate ultraviolet light from deuterium lamps (180 to 400 nm) and visible light from tungsten lamps (380 to 800 nm) to create wavelengths with specific energies corresponding to electron transitions in aromatic and aliphatic molecular structures with double bonds (–C=C–, –N=N–, –C=N–) and dipolar functional groups (>C=O, >NH2), such as proteins in binding media and chromophoric (coloured) compounds in dyes and inks. Fluorescence detectors use deuterium or xenon lamps, as they require UV light only, to excite compounds that are inherently fluorescent or derivatized with chemical markers that enhance their fluorescent properties (see sample preparation below), to which the molecules respond by emitting lower wavelengths.
 
              During analysis, the wavelengths from the lamps are carefully controlled and precisely measured. UV-vis and fluorescence detectors pass their light through a 5 nm slit first, then either a rotating diffraction grating for UV-vis or a monochromator filter for fluorescence, so that compounds in the flowcell are exposed to selected narrow bands of specific wavelengths. On the other side of the flowcell is a dedicated photodiode that responds to the intensity of light reaching it. If a compound absorbs a specific wavelength, the photodiode registers a weak signal that measured and converted to absorbance units (AU). The output from this sample photodiode can be compared at a near-continuous rate to the signal from a reference photodiode responding to light directly from the lamp for better performance. Wavelengths can be programmed to change during a run to maximize detection of chromatographed compounds with different absorbances or compensate for changing absorbances of a gradient eluent. UV-vis detectors for ion chromatography operate at 200–220 nm, a useful range for anions and all organic acids. Fluorescence detectors are up to 100 times more sensitive than UV-vis but not all compounds fluoresce or can be tagged, so applications are limited.
 
              Photodiode array detectors are similar to UV-vis detectors, except that the optics are arranged differently. Compounds in the flowcell are exposed to a slit-focused full spectrum of UV and visible wavelengths from the light source, that passes through the flowcell, eliminating spectral distortions relating to changing mobile-phase concentration. A grating on the other side disperses the light onto an array of usually 512 or 1024 individual photodiodes, each one controlled to respond to bandwidths of 0.5 to 1 nm and covering the whole spectrum of the light. The outputs from all the diodes are collated to provide a full spectrum of absorbances. For library and museum samples of dyes and inks, PDA is the best detector because, if mixed coloured compounds are found, the data for all wavelengths has been collected and can be re-examined post-run for compounds that could be missed by a UV-vis or fluorescence detector if the right wavelength was not selected at the time of analysis.
 
              Fluorescence detectors are best for tagged proteins in binding media and fibres. Important settings for detectors are response times (in the order of nanoseconds), and bandwidth settings, to maximize selectivity to distinguish compounds (lowest, 1 nm) or sensitivity to detect trace amounts (highest, 8 nm). Certain solvents and eluent additives absorb UV and have a cut-off wavelength below which compounds of interest are obscured, for example 215 nm for degassed methanol. Organic impurities in solvents and chemicals for mobile phases and sample preparation (see below) can also interfere and so must be of high purity.
 
              Limiting factors for spectrophotometric detectors in heritage science are that similar molecular structures give similar responses. Molecularly different compounds can pass through the flow cell at the same time and their outputs superimposed, and any unknown or unexpected compounds or degradation products cannot be identified without a reference. While satisfactorily confident identifications can be made with good reference materials, mass spectrometry is essential for the most rigorous degradation studies and identification of new compounds.
 
             
            
              Mass spectrometry (MS)
 
              Mass spectrometers are the most selective detectors for LC and GC and the most sophisticated, with instrumental variations for different applications, making mass spectrometry (MS) an analytical specialism in its own right. Three of the most common MS modes for heritage-science chromatography are electrospray ionization (ESI) in positive and negative ion modes to target different types of compounds; quadrupole ion-trap techniques for multiple molecular fragmentation sequences for structural analysis (MSn); and matrix-assisted laser-desorption/ionization-time of flight (MALDI-TOF) for large molecules. Readers interested in further details and a fuller range of MS possibilities than discussed here will find the many excellent publications for heritage science very useful. Mass spectrometry is essential for pyrolysis GC, in which the complex products from combustible and volatile compounds in a sample are analysed.
 
              The fundamental principle of MS detectors for liquid and gas chromatography is to measure very precisely the molecular mass, and hence structures, of chromatographed compounds. This is achieved by ionizing compound molecules under carefully controlled conditions, then separating them by their mass-to-charge ratio (m/z) and measuring this property. Ionized molecules can also fragment with or without intervention into smaller molecular structures in distinctive ways depending on their atomic arrangements, a diagnostically useful property that can be used to generate characteristic fragmentation patterns and compare them for identification. This makes MS more highly selective for specific compound identifications than spectrometric, spectrophotometric and conductivity detectors alone, but MS is less sensitive for trace compounds. To fully utilize the selectivity of MS and sensitivity of other LC and GC detectors, they can be coupled in sequence post-chromatography to create very powerful techniques that get the most information from one sample. Successful combination analysis relies on highly reliable instrumentation, otherwise the sample can be lost if part of the equipment breaks down or physical connections fail. A dedicated experienced analyst also needs to ensure that eluents and chemicals are compatible and be able to interpret the results.
 
              Mass-spectrometry detection is a two-stage process. First, charged sample compound molecules are formed by ionization then analysed with an electromagnetic field. The four most common ionization methods for organic library material analysis are electron impact (EI), electrospray (ESI), atmospheric pressure chemical ionization (APCI), and matrix-assisted laser desorption (MALDI). These ionization methods are used with four common configurations of analyser: single- and triple-quadrupole, time-of-flight (TOF) and ion-trap.
 
              Let us consider the ionization process first. Choice of the ionization method relates to the molecular properties of the chromatographed sample compound. EI is common for the volatile compounds from gas chromatography, where the chromatographed compounds exit the column via a high temperature interface then enter a mass spectrometry ionization chamber, where bombardment with an electron (e−) beam (energy around 70eV) charges and fragments the molecules. There are many applications of GC-EI mass spectrometry in heritage science, a few examples being efflorescence on beeswax seals (Bartl et al. 2012); drying oils on paper (Banou et al. 2016); and degradation studies of dammar varnishes by indoor pollutants (Bonaduce et al. 2013).
 
              For liquid chromatography mass spectrometry of polar, non-volatile compounds in dyes, inks and proteinaceous binding media, ESI is common, often following detection by UV-vis, PDA, fluorescence or a refractive-index detector. ESI involves creating a fine spray of the chromatographed sample compounds in their eluent in the MS via a nebulizer before it enters a chamber with a high-voltage electrostatic field and a heated gas such as nitrogen. This process forms droplets of molecular ions with single and multiple charges in a range of mass-to-charge ratios (m/z) of different relative amounts (abundance). These charged droplets are then attracted to a charged dielectric capillary where they are desolvated by the heated gas and the sample molecules reduced to microdroplets of charged ions. Fragmentation can lead to molecular rearrangement, and these molecules can in turn be fragmented in a multiple-step mass-spectral process (MSn). These charged ‘parent’ ions can be further ionized and fragmented with an inert gas, with the formation of negative ions best suitable to dyes (McNab et al. 2009; Troalen et al. 2014) and organic inks (Centeno et al. 2016). These charged fragments, called ‘daughter’ ions, also have characteristic m/z, for instance -CH2− has m/z 14.
 
              For samples with larger molecules there are two choices. APCI is suited to soluble polar compounds with some volatility, such as fatty acids in oils and waxes (Saliu et al. 2011) and phthalate plasticizers, involving vaporization at 500°C after nebulization to form single-charged ions. MALDI, either under vacuum or atmospheric pressure, is suited to solid samples such as collagen in medieval illuminated parchment scrolls (van der Werf et al. 2017), where the compounds of interest are ionized without decomposition by acid-base reactions using solvated matrices and a pulsing laser, in this case α-cyano-4-chlorocinnamic acid and a Nd:YAG laser (345 nm) pulsing at 400 Hz.
 
              ICP-MS ionizes organic molecules and elemental compounds, for example the metallic compounds in dye mordants, with a plasma that draws energy from electrical currents formed by electromagnetic induction. ICP-MS can be used with liquid and gas chromatography and in sequence after other detectors if needed. It has been applied to the measurement of surface and sub-surface magnesium distributions in deacidified paper using laser ablation (Wagner, Bulska, and Sobucki 2008).
 
              Common analysers for both liquid and gas chromatography mass spectrometry involve quadrupoles, a set of four metal rods with radio frequency and DC voltages applied between them. A single quadrupole analyser for GC-MS (with EI or chemical ionization) allows ionized molecules with certain m/z to travel the length between the rods if the voltage ratio allows them to. Molecules with a different m/z that does not match the voltage ratio collide with the rods. A mode offering high specificity and enhanced detection sensitivity for structural confirmations involves a triple set of quadrupoles, the first to filter ions of a specific m/z, the second to fragment these ions by collision with a gas such as helium or nitrogen, and the third to scan or filter ionized fragments of specific m/z.
 
              Another type of analyser, called time-of-flight (TOF), measures ion mass by accelerating ions down a tube using high-voltage pulses, recording their flight time (lower mass ions arrive faster) and relating this to the energy used to give accurate mass calculations that can confirm structures. A fourth analyser is an ion trap that uses magnetic fields to confine injected ions and then fragment isolated ions of selected mass and polarity by collision-induced dissociation (CID), repeatedly if desired, until detection. Multiple analysers can be arranged in tandem (MS/MS) for liquid and gas chromatography, for instance TOF combined with quadrupoles (Q-TOF) and with MALDI for very fast scans.
 
              For library-relevant analyses of dyes and organic inks, ESI is the most common mass spectrometric method. Certain molecular structures fragment in predictable and characteristic ways, resulting in spectra with distinctive fragmentation patterns.
 
              Connecting MS detectors to gas chromatography is more straightforward than connecting them to HPLC and especially UHPLC, because of the (ultra) high pressures of the liquid mobile phase and the need for compatible solvents.
 
             
            
              Conductivity, refractive-index and light-scattering detectors
 
              A conductivity detector is used in IC analysis because the chromatographed ionic compounds have no chromophores and therefore no response to spectrophotometric detectors. The detector measures the conductivity of flow-cell contents with two electrodes, placed one on either side. The conductivity measurement is made of the mobile phase rather than the separated ions. Buffers tend to be used for IC, so as to suppress their response: a membrane of ion-exchange resin, rather like those used for deionized water, can be placed between the column exit port and the conductivity detector to reduce the conductivity signal from the eluent and enhance the signal from the ions of interest. For example, in the analysis of anions, the suppressor would be a cationic material that contributes H+ ions to neutralize OH− and carbonic acid derivatives (HCO3−), thereby increasing the signal from the anion. For cations, the suppressor would be an anion with OH− contribution.
 
              Refractive-index (RI) detectors are commonly used with size exclusion chromatography as a measure of absolute mass, from the optical refractive concentration difference between the sample and the eluent, measured by comparing refracted light from a tungsten lamp after passing through two flow cells, one for the sample and one for a reference of mobile phase. Refractive-index detectors need careful calibration to give meaningful results. SEC analysis of paper polymers has been performed using a UV-vis detector coupled to an RI detector. An advantageous alternative to RI is the evaporative light scattering detector (ELSD) which nebulizes the sample in the mobile phase in the presence of nitrogen gas; the suspended particles scatter light which is detected by a photocell. A version of ELSD called MALLS uses a multi-angle laser at 658 nm combined with UV-vis at 254 nm to measure particles suspended in solution rather than a gas. Described as a detector for absolute mass, MALLS is influenced by sample concentration, refractive indices of the solvated polymer and detector operation parameters, which all need to be carefully factored in to the interpretation of the results. The principle of MALLS is the relationship between light scattering and polymer size expressed as molar mass. (Łojewski et al. 2011).
 
              The chromatographic analyses described above take less than an hour to perform from sample injection to compound detection, but there are two additional essential steps which are highly skilled and time-intensive: sample preparation before analysis, and data interpretation afterwards.
 
             
           
          
            9.4 Sample preparation
 
            Choosing the right chromatographic and detection method is obviously key to successful analysis, but an essential step not discussed yet is preparing the sample for analysis. Sample preparation is important for several reasons. A fundamental one is that samples from library artefacts are normally solids, but the types of materials they are made from need liquid or gas chromatographic analysis. Samples thus need to be made soluble (dyes, polymers, soluble ions), volatile (resins) or tagged to be detectable (proteins in binding media) unless they are analysed by pyrolysis GC-MS or collected by SPME. Sample preparation also extracts the most important compounds to answer the material question and/or maximizes detection of trace amounts of compound by concentration. Another advantage is that it can remove interfering or dominant compounds in the material that obscure the compounds of interest.
 
            Sample preparation starts by examining each sample carefully, typically at x20 to x50 magnification with a Dino-Lite™ or similar, to photograph and document common and/or unusual physical features, including homogeneity. Sample preparation requires careful selection of solvents and chemical agents and requires much research time in the lab to optimize the conditions and best choice of solvents and agents to get the compounds of interest into solution. For chromatography, sample preparation is most efficient as a batch of samples: in the CTCTAH laboratory at the University of Glasgow, typically seven at a time with the eighth a reagent blank. The whole process for this sample preparation takes the best part of a day, involving documenting each sample by the code assigned at time of sampling and using this consistently and precisely in sample and result documentation, and labels for glassware and containers to track it during analysis. Mobile phases and extraction solutions need to be prepared. All reagents and solvents need to be of analytical grade with minimal contaminants and particulates, and high-purity deionized and distilled water; analysts need a clean dedicated laboratory with a fume cupboard. This requires the analyst spending several uninterrupted hours in a chemistry laboratory dedicated to micro-analysis, whether preparing one sample or a batch.
 
            Different approaches are taken for different types of sample and the chromatographic method used, with variations between laboratories worldwide. The following are selected examples with brief descriptions to illustrate a wide range of practices. The references scattered throughout this chapter give more details.
 
            
              Dyes
 
              Dyes are normally analysed by liquid chromatography and so need to be solubilized in a solvent. Analysts have a choice of extraction methods developed over many years through extensive research to meet the challenge of historical dyes from a wide range of natural and synthetic sources – mordant, acid, basic and direct. The dyes are removed from fibres by disrupting bonds using solvents, or adjusting the pH level. Acidified solvents are needed for dyes mordanted with metallic salts. The longest established and most widely used method is to use acidified aqueous methanol (Wouters 1985), although it is known to chemically modify and potentially degrade certain compounds. Dimethyl sulfoxide with oxalic acid (Serrano et al. 2013), pyridine, water and oxalic acid (Mouri et al. 2014), formic acid in methanol (Zhang and Laursen 2005) and citric acid (Ford, Rayner, and Blackburn 2015) are now being used. Samples are individually heated in small vials with 100–200 µL of the solvent of choice between 60°C and 80°C for 10 to 15 minutes, centrifuged and/or filtered to remove fibres and any particulates, and then the solvent removed by vacuum evaporation or under a steam of nitrogen. This dried extract is then reconstituted with 50–100 µL of a solvent appropriate to the mobile phase and transferred to a capped micro-vial stored away from heat and light until analysed.
 
             
            
              Proteins (binding media, adhesives)
 
              To solubilize animal adhesives on the Selden map, sulphur oxidation, a carbonate buffer and a protein-digesting enzyme with mild heat and ultrasonication (the process of using high frequency sound waves to break a substance apart) were needed. The whole process took about 12 hours. Pre-derivatization is also possible, with a commercially available kit called AccQTag being used, which in 10 minutes forms stable fluorescent derivatives with amines using 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate. This has been used to study the degradation of wool textile fibres in tapestries (Vanden Berghe 2012).
 
             
            
              Gums (adhesives)
 
              GC-MS analysis of gums on manuscripts has involved hydrolysis with aqueous acid and pyridine, derivatized with methoxylamine using microwave assistance to be volatile with N,O -bis(trimethylsilyl) trifluoroacetamide (BSTFA) with and without 1% trimethylchlorosilane (TMCS) (Lluveras-Tenorio et al. 2012). As little as 100 ng of gum arabic has been enzyme digested with exo-β-1,3-galactanase in a phosphate buffer for MALDI-MS and derivatized for MALDI-TOF MS with 3-aminoquinoline in aqueous solvent. It was found that minute amounts of sample needed less enzyme and shorter digestion times to improve the MS response, with the advantage of digestion directly on the sample to minimize loss and for reproducible enzyme hydrolysis profiles (Granzotto and Sutherland 2017).
 
             
            
              Paper
 
              Polymer analysis of paper by SEC requires the cellulose to be dissolved, with two choices available: using dimethyl acetamide with lithium chloride additive (LiCl/DMAc), or using phenyl isocyanate to derivatize cellulose to cellulose tricarbanilate. However, this is not straightforward. Aged samples cross-link and this is a challenge for sample preparation for library materials. Cross-linking in aged polymeric materials gives rise to analytical variations that manifest in the different methods of extraction for SEC analysis by different laboratories.
 
              While extensive application of chromatography to library and archival collections is limited by sampling needs, the technique is still worth knowing about because it is key in heritage science research into organic material degradation. Organic materials are sensitive to degradation from light, heat, humidity and pollutants even in the controlled environments for display, storage and study of libraries, archives and museums.
 
              Reference materials are essential for identification and also need to be prepared. Individual compounds can be purchased from commercial chemical suppliers, although impurities, expense and rarity are common issues for historically relevant materials, as many are of little commercial value or interest today. Individual compounds are not enough on their own for reliable identification. The characteristic chromatographic profiles of known dyes, gums, resins and other natural materials of specific botanical species must also be analysed as references. Some historically relevant synthetic dyes are still available, mainly as histology stains for medical and forensic pathology (Cooksey 2017), although we need to understand more about compositional differences between modern and past synthesis to ensure equivalence and relevance. Using natural dyes as an example, those of historical significance are derived from certain species of plants, wood, galls and scale insects, so those for analytical references must come from known and correct biological sources. These are best provided by botanical gardens and academic experts in natural history or through specialist commercial companies, not craft and hobby suppliers where biological origin details can be unintentionally obscure or inaccurate. To dye a textile with natural dyes, the compounds need to be extracted from the source. There is more in the dyestuff extracts than end up on the textile, so analytical references involve dyeing followed by sample preparation in the same way as the historical samples (Quye, Hallett, and Herrero Carretero 2009). Modern reference materials can never replicate past materials and methods, so should be treated only as guiding models.
 
             
           
          
            9.5 Interpreting results
 
            Results for HPLC, GC, SEC and IC are presented as detector responses converted by software calculations into one or more type of graph. The graph that is common to all chromatographic analysis is the chromatogram, giving an overall picture of the number of separated compounds detected and how well the compounds are resolved in the analytical run. The chromatogram will show a series of peaks of varying heights relating to the intensity of the detector response.
 
            Chromatograms have an x-axis of time and a y-axis of the relevant response (Table 9.1). The x-axis is the retention time (tr or rt) calculated from sample injection (t0) to each detector response and measured at the peak apex, which corresponds to how long compounds are retained by the stationary phase. The y-axis is the relative intensity of the detector response. The height of each peak relates to the amount number of molecules, atom or elements detected, commonly referred to as amounts, though technically incorrect, unless peak areas (calculated by the detector software) are quantified from known concentrations of the same or similar reference compounds. With UV-vis and multispectral PDA detectors, a selected single absorbance wavelength, usually between 220 nm and 450 nm, is used. The retention order is important, too; for example, in RP-HPLC, polar compounds have shorter retention times than non-polar compounds. Typical total dye analysis times for UHPLC and HPLC are between 30 and 40 minutes.
 
            
              
                Table 9.1:The y-axis of chromatograms and units by different GC and LC detection methods.

              

                       
                    	Chromatographic method 
                    	Detection method 
                    	Chromatogram y-axis 
                    	Unit 
   
                    	FL 
                    	UV/Vis 
                    	Spectral emission at one selected excitation wavelength 
                    	Fluorescence intensity 
  
                    	GC, LC 
                    	MS 
                    	Total ion count 
                    	Relative Abundance 
  
                    	HPLC 
                    	UV/Vis, PDA 
                    	Spectral absorbance at one selected wavelength 
                    	AU 
  
                    	IC 
                    	Conductivity 
                    	Electrical conductance 
                    	μS cm−1 
  
                    	ICP 
                    	MS 
                    	Counts per second 
                    	Intensity/counts s−1 
  
                    	SEC 
                    	RI, ELSD 
                    	Molar mass 
                    	kDa 
 
              

            
 
            Additional data from detected compounds adds confidence to identifications using the chromatograms. PDA and MS detectors can generate a second graph, called a spectrum, for each individual compound during the chromatographic run. This additional data from PDA enhances selectivity for coloured compounds such as dyes (wavelengths on the x-axis instead of tr). Spectra from MS detectors have an x-axis of m/z, and the selectivity of this detector makes it the best choice for organic-compound identifications and for studying new compounds such as degradation products. The two case studies below demonstrate the power of these detection methods for chromatographic analysis of library materials.
 
            Narrow and sharp peaks in the chromatogram mean quick and efficient partitioning, which is typical for GC and HPLC chromatograms. SEC chromatograms are by nature broad peaks, being distribution curves of polymer chains of different molecular weight. For successful identification, chromatographic peaks need to be resolved. If peaks are very close together or overlap because two or more components have similar partition properties and co-eluted, passing through the detector together, accurate and confident identification is hampered. Narrow spectral bandwidths for UV-vis and PDA detectors can improve resolution, and detector software can be used to deconvolute them, although this carries the risk of mistaken assignment. It is better to change the chromatographic method to improve resolution. Peaks also need to be a minimum height to be detected and differentiated from background noise of the detector and any contaminants or interferents. Ideally the baseline of the chromatogram should be flat, but usually there are responses detected from materials used inside the device. These range from signals of organic solvents or other additives in LC mobile phases to chemical bleed from septa (sealant) materials in the injector port. In gas chromatography old column stationary phases may be detected, which manifest themselves as sloped baselines in chromatograms. This is why it is important for chemicals and equipment materials to be of high purity. It is also possible for compounds from previous samples to be carried over into later analyses if the compounds are very slow to partition and released after the run time, another good reason for a guard column to trap them. In LC analysis, the first few minutes of retention time in the chromatogram are the mobile-phase ‘solvent front’ response, so the peaks need careful interpretation.
 
            In theory, all sample compounds should elute from the stationary phase. In reality, non-polar impurities in sample extracts and mobile phase bond to the stationary phase and change the separation effects, while particulate contamination blocks the solvent flow, causing pressure build-up and malfunctioning of the equipment, with sample loss. Columns need to be changed periodically, but slight differences in chemistry between each manufactured batch of stationary phase change their chromatographic behaviour, which affects the retention time (tr), and thus potentially the identifications. This is a risk factor in historical dye analysis with precious single samples, so analysts must ensure good laboratory practice, do adequate research and use the best analytical conditions.
 
            Analysts use peak shapes to ensure their methods are appropriate and equipment is functioning. HPLC peaks broaden from inefficient partitioning, poor resolution between closely related compounds or a leaking connection in the equipment. (GC peaks also broaden when seals fail.) Curved or flat-top peaks indicate the sample is too concentrated, while lots of peaks in the baseline indicate dirty parts in the detector (e.g., the flow cell in a UV-vis detector) or trapped air in the eluent. A steadily rising baseline is a sign of chemical breakdown of the stationary phase or the silicone injector septum, or a build-up of unwanted non-eluting compounds (which guard columns can trap). Such things happen to the best analysts, but if they become the norm, then changes need to be made to the method or the equipment. Method development, careful preparation and good equipment maintenance are worthwhile investments.
 
            Most of the time and effort of chromatographic analysis goes into data interpretation. The whole process from extraction to interpretation normally takes at least one day for an experienced analyst, longer if the sample is complex or unusual. To identify an unknown material, the tr and UV-visible and/or mass spectra of individual characterising compounds need to match the results of references for known compounds and materials. Organic-material groups are defined by common molecular structures, for examples, carbohydrates for gums, terpenoids for resins, fatty acids for oils, polar polyaromatic compounds for dyes and repeating long chains of amino acids for protein fibres and plastic polymers.
 
            Individual compounds and distinctive profiles of multiple compounds in the material are then identified by matching their response to those of reliable references for natural or synthetic materials, or known chemical changes caused by ageing or degradation. Identifications are based on retention times and by comparison of the sample chromatogram with the chromatograms of references of known compounds. This is reasonably straightforward for ion chromatography, where a small number of specific anions and cations can elute with consistent tr under the same analysis conditions; and for size exclusion chromatography with reference polymers of known molar mass. Mass spectrometry with selective ion monitoring can identify specific molecular ions but is limited for unknowns. Qualitative identifications by a single UV wavelength for UV-vis-generated chromatograms are possible with reference compounds, although not selective enough to differentiate between structurally similar organic molecular structures that respond to the monitoring wavelength or co-elute if not separated.
 
            It is common in heritage science analysis to use qualitative analysis for identification based on the relative retention times (rrt) of several peaks in the chromatogram peak of the unknown sample to the chromatographic ‘fingerprint’ of known materials, which is helped by having a number of characteristic compounds in the sample. Leading laboratories in the heritage science field have hundreds of references in their analytical databases, built up over many years and reflecting research specialisms and interests. Much has been done since the 1990s to identify the characteristic compounds in the most important dyes of historical interest by a wide range of chromatographic techniques and there are many published articles and conference proceedings (Wouters and Verhecken 1989; Ferreira et al. 2002; Peggie et al. 2008; Serrano et al. 2015; Han 2015; Mouri and Laursen 2012; Liu et al. 2013; Blackburn 2017; Nowik 2001; van Bommel et al. 2007; Kirby 2017) and key reference books (Cardon 2007; Hofenk de Graaff, 2004). The ‘Dyes in History and Archaeology’ conference has since 1981 been the leading international annual event for sharing research between specialists, and its proceedings, published since 1986, cover the most important aspects of dyes from the past and their research. The Mass Spectrometry and Chromatography Group (MaSC) and the Museum of Fine Art Conservation and Art Materials Encyclopedia Online (CAMEO) have established a shareable database,2 although analytical differences between laboratory equipment, analysts and consumables make searchable data comparisons challenging. Two major European Union-funded projects have developed and reviewed historical dye analysis methods and reference materials; the Monitoring of Damage in Historic Tapestries project3 and CHARISMA project4 concluded that variations in methods and practice between laboratories did not adversely affect identifications.
 
            Polymer chain lengths and molecular weights need references for accurate interpretation of results, but for natural materials like cellulose there is no single standard for polymer size and weight because it is a natural polymer with a distribution. So for SEC polystyrene is used, even though this chemically different from cellulose and introduces errors into molar mass calculations, and does not take into account the skewing influences of natural compounds such as hemicelluloses (Łojewski et al. 2011).
 
            Qualitative analysis can be reliable for comparing and identifying diagnostic marker compounds even when structural compositions are not known, as is the case for a marker compound in the red brazilwood dye called ‘Nowik A’ after the analyst who concluded its reliability as an identifier (Nowik 2001). Statistical treatment of chromatographic and spectral data treatment, like principal component analysis (PCA), is enabling better correlation between historical materials and past production methods (Berbers et al. 2019).
 
            All analytical methods for historical organic materials are challenged by chemical degradation from the environment. Light, humidity and temperature can induce oxidation, hydrolysis and photolysis reactions which affect organic compounds, resulting in visual and physical changes to materials, such as yellowing, fading and embrittlement. These degradative effects change a material’s molecular composition and hence affect key marker compounds and chemical profiles for chromatographic analysis. Although this sensitivity is problematic for identification, it makes chromatography an advantageous technique for conservation-science investigations of degradation and preservation. Examples of chromatography-based degradation studies for library and archive collections include causes and effects for celluloid and acetate film cels (Richardson et al. 2014), Turkey red dyes in textile pattern books (Wertz, Quye, France, Tang & Richmond 2017), iron-gall inks on manuscripts (Centeno et al. 2016; Axelsson et al. 2016).
 
           
          
            9.6 Case studies
 
            
              Synthetic aniline dyes in dye books
 
              In textile history studies, dyed textiles in books with textual context, dated authorship and preserved colour are as significant as provenanced textiles in museums (Sykas 2005). The written text in historical dye books is highly informative about the material and practice of dyeing. However, what dyers valued most was the resulting colour (Cardon 2016). These dyed textiles are a unique and often attractive feature of dyers’ books, and present direct material evidence for historical dye colours that is visually engaging. As expected, historical dyers’ books with textual information about dye materials and dyeing processes accompanied by coloured textile representations of the end results are of great value to anyone pursuing the history of textiles and dress.
 
              Until the mid nineteenth century, dyes came from natural sources such as plants, woods, insects, lichens and shellfish. The first synthetic dye appeared on the market in 1857 when aniline purple, the first so-called ‘coal-tar colour’, was commercially manufactured. From 1859, these new synthetic dyes were available in quantities that were economically viable for the dye industry to use. Books about commercial dyeing with these new dyes started to be published for industry and the training of increasing numbers of dyers needed in the factories and mills. Some give textual information and some include dyed textile samples. The historical significance of these books has appealed to historians of science and technology (Travis 1993), and to dress and fashion historians, too. For this reason, the management of library collections of dyers’ pattern books is important for research, and the reason that dye analysis has entered into library collection care and research (Wertz, Quye, France, Tang & Richmond, 2017).
 
              As the significance and research value of library books with dyed textiles grows and new discoveries and connections between them and textile culture are made, so too does the need to confirm that the dyes are what the text says or implies that they are. This need for dye identification is important not only to authenticate the evidence, but also to predict risks of colour changes from exposure during study and exhibition. Dye receipts accompanying patterns in dye books normally name the dyes used. So why, then, is dye analysis of the patterns necessary for conservation and preservation? There are two reasons, concerning authenticity and preservation. The authenticity issue is that the material content of dye books has been little studied to date, so there is uncertainty whether the dyers or suppliers of the patterns always used the dyes given in the written receipt text. This is pertinent for published dye books where multiple copies were printed and patterns had to be entered into each one. As for preservation of these books, it is very important to understand the composition of the dyes, as this will inform conservation policies.
 
              A heritage-science research project called ‘Dye-Versity’ was started in 2016 by the CTCTAH at the University of Glasgow. Over 200 patterns from 22 books published between 1862 and 1893 on the early aniline triphenylamine dyes of commercial interest to the textile industry have been analysed so far by UHPLC-PDA, with confirmatory LC-ESI MS analysis by the Department of Chemistry and Industrial Chemistry at the University of Pisa (Quye et al. 2017). Consistent results are giving confidence that the named dyes for the patterns are indeed reliable, and the analysis of two patterns dyed with Hofmann violets in Dyeing and Calico Printing by Frederick Crace Calvert, published in 1876, is a good example of the findings. Crace Calvert, an experienced and well regarded dyer, describes the commercial synthesis of Hofmann violet as a reaction between rosaniline from magenta with methyl and ethyl iodides in the presence of alcohol (ethanol) and potassium or sodium hydrate. He gives two methods: one to make a red shade by reacting either ethyl iodide or methyl iodide with rosaniline, and the other to make a blue shade with a mixture of methyl iodide and ethyl iodide.
 
              The analytical results from the patterns analysed so far for Dye-Versity show that the chemistry of the dyes in the patterns matches the chemistry of the accompanying text, a remarkable feat given that these dyes were made before chromatography and spectroscopy were available to the dye manufacturers and chemists. Consequently, the significance of these unassuming books on library shelves is being raised so that many more researchers can access and use them (Kamposiori and Crossley 2019).
 
             
            
              Non-invasive analysis of volatile organic compounds
 
              The proviso for chromatography in most cases is that sampling is needed. There are certain situations where the vapours from and around an aged or degraded material are distinctive enough that no sample needs taken from the object itself to identify the material or to make some judgement about its state of degradation. The distinctive smells of aged and degrading paper, leather and plastics are due to volatile organic compounds (VOCs) being released. Understandably this has intrigued conservators and scientists and led to research projects to capture VOCs from aged organic materials in objects and characterize the vapours by chromatographic analysis (Gibson et al. 2012). To do this, the air-borne compounds need to be trapped and concentrated. The method to do this is called solid phase microextraction (SPME), which has been around since the late 1980s. SPME is one of the few instances of non-invasive sampling for chromatographic analysis in heritage applications. The air around the object that is releasing the VOCs is sampled by drawing it over a fibre of silica coated with an absorbent that attracts the compounds of interest. These compounds are trapped on the absorbent until they are released by being heated as part of the analysis, invariably by GC-MS. VOCs of furfural from degraded paper and aldehydes, and minor long-chain fatty acid from wood resins in ageing cotton/linen rag and wood pulp paper have been detected and studied in this way (Clark et al. 2011).
 
              Although it sounds easy, SPME has tricky elements and there are a number of analytical considerations to be aware of. Firstly, the object needs enclosed in an airtight chamber of glass or an impervious flexible plastic material that can form a perfect seal and does not release VOCs itself (difficult to achieve with plastics or sealants) with a close-sealing, non-leaking port into which the SPME fibre can be introduced and from which it can be removed. VOC release from an object will depend on its surface area – a closed book compared to an open one – so this also needs to be taken into account. The air needs to be stable in terms of temperature and relative humidity, and in equilibrium with the object to ensure that the sample is representative. The length of time of sampling is also critical, as is the chemistry and thickness of the absorbent coating on the silica fibre. The ab sorbent coating is selective, and not all the compounds that the delicate human sense of smell can pick up will be attracted to it.
 
              A promising new technique called Select Ion Flow Tube Mass Spectrometry (SIFT-MS) is pushing the boundaries of non-invasive qualitative trace organic analysis for heritage science (La Nasa et al. 2019). SIFT-MS is an ultra-soft chemical ionization mass spectrometric technique with three advantages over SPME GC-MS: the air sample is drawn directly into the MS through a thin inert needle probe (0.8 mm outer diameter) with no effects from pre-deposition or pre-concentration so that all detectable molecules in the air sample can be studied; the equipment is portable and can be taken to the object; and the sampling time is quick, within 1 minute per object. SIFT-MS was trialled alongside py-GC MS and SPME-GC MS in a VOC study of modern comic books inside plastic bags – a mixture of organic inks and coatings on the paper substrate – to identify and quantify over 40 VOCs from the books alone. SIFT-MS detected and confirmed marker VOCs for furfural and isopropyl esters from aged cellulose in paper and photo-oxidized polystyrene from the printed finish that can be early warning signs for paper embrittlement and yellowing. With the rise of synthetic materials in modern printing and as more plastics and synthetic dyes enter collections, non-invasive analytical techniques such as SIFT-MS are important advances for targeted and specific analytical surveys of large collections of contained artefacts in libraries, archives and museums.
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              In chemistry, derivatization is the process of slightly altering the chemical composition of a substance to make it easier to work with. In the context of the heritage substances discussed here, it involves binding the substance with a molecule that is easier to detect.
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                  	3D scanning 
                  	A technique that digitally captures the shape of physical objects 
  
                  	Acidity 
                  	The amount of potentially damaging acid in an object or solution, measured in pH, acid being pH 1–7 
  
                  	Alkalinity 
                  	The amount of potentially damaging alkaline material in an object or solution, measured in pH, alkaline being pH 7–14 
  
                  	Alloy 
                  	Metallic substance composed of two or more elements 
  
                  	Aperture 
                  	A hole or slit through which light passes in an optical instrument, including the variable opening by which light enters a camera. 
  
                  	Artefact 
                  	An made object, such as a book or seal; or an error such as a spurious peak in a spectrum 
  
                  	Attenuated Total Reflectance (ATR) 
                  	A technique used in conjunction with infrared spectroscopy which enables samples to be analysed without further preparation 
  
                  	Benchtop XRF instrument 
                  	A laboratory instrument designed to be left in situ. Usually high-end equipment providing excellent results 
  
                  	Calibration 
                  	The comparison with known units (wavelength, weight, length, known materials etc) to ensure the accuracy of new measurements 
  
                  	Candela 
                  	Unit of light based on the light given by a candle 
  
                  	Cellulose acetate 
                  	Used for photographic film, known as safety film, it was introduced in the early 20th century as a safe replacement for unstable and highly flammable nitrate film. 
  
                  	Cellulose nitrate 
                  	A highly flammable compound, it was first used as a base for photographic roll film by George Eastman in 1889. It was replaced by cellulose acetate film in the early 20th century. 
  
                  	Chromatic aberration 
                  	The failure of a lens to focus all colours to the same point 
  
                  	Chromatography 
                  	A laboratory technique for analysing complex materials by the separation of mixtures. The mixture is dissolved in a fluid called the mobile phase, which carries it through a structure holding another material called the stationary phase. The various constituents of the mixture travel at different speeds, causing them to separate. 
  
                  	Colour 
                  	The property of an object to produce different sensations in the eye and subsequently the brain as a result of the way it reflects or emits light of different wavelengths 
  
                  	Colour space 
                  	A number of methods for the specific organization of colours (eg Pantone collection, NCS System, Adobe RGB and sRGB) to enable reproducible representations of colour 
  
                  	Colour temperature 
                  	A characteristic of visible light, colour temperature is conventionally expressed in kelvins 
  
                  	Compound microscope 
                  	A microscope fitted with two or more convex lenses 
  
                  	Compton normalization 
                  	A method for quantifying samples using calibration that is based on analysis of a single, certified standard 
  
                  	Condenser 
                  	A lens in a microscope that concentrates light from the illumination source and is focused at the sample 
  
                  	Conservator 
                  	A professional person whose role is the protection and conservation of collections 
  
                  	Consolidant 
                  	An applied material used for strengthening weak original materials 
  
                  	Conventional film photography 
                  	The use of chemical and processed film as opposed to digital photography 
  
                  	Cover slip 
                  	A thin glass plate placed over a sample on a microscope slide 
  
                  	Curator 
                  	A professional person responsible for knowledge of collections and managing their protection 
  
                  	Diffraction 
                  	The bending of light around the corners of an obstacle or through an aperture 
  
                  	Digital camera 
                  	A camera that captures photographs in digital form 
  
                  	Digital imaging 
                  	The creation of a digital representation of an object or scene 
  
                  	Digital Single Lens Reflex (DSLR) 
                  	A digital camera that combines the optics and the mechanisms of a single-lens reflex camera with a digital imaging sensor 
  
                  	DNA 
                  	Deoxyribonucleic acid, the analysis of which can identify species of living or previously living tissues. 
  
                  	Dyes 
                  	Coloured compounds, often organic and chemically bonded to fibres 
  
                  	Eigenvector 
                  	A vector whose direction is unchanged by a given transformation and whose magnitude is changed by a factor corresponding to that vector’s eigenvalue. 
  
                  	Empirical methods 
                  	A method for quantifying samples by means of calibration curves using standards similar in property to the unknown item 
  
                  	Energy dispersive XRF (EDXRF) 
                  	A technique whereby analysis is carried out by exciting all the elements in the sample simultaneously. The fluorescence radiation emitted from the sample is separated into the characteristic radiation from each of the different sample elements giving very rapid analysis 
  
                  	Eyepiece lens 
                  	The low-powered lens through which the observer looks 
  
                  	Fibre Optic Reflectance Spectroscopy (FORS) 
                  	A technique used to determine the reflectance spectra of artists’ materials used in manuscripts or paintings for their identification 
  
                  	Field diaphragm 
                  	A variable diaphragm that controls how much light enters a microscope condenser 
  
                  	Filter mosaic 
                  	The particular arrangement of colour filters used in most single-chip digital image sensors in digital cameras 
  
                  	Fluorescence microscopy 
                  	Microscopy that uses fluorescence from the sample to generate an image 
  
                  	Fourier transform infrared (FTIR) spectrometers 
                  	A technique used to obtain infrared spectra by simultaneously collecting high resolution data over a wide spectral range. 
  
                  	FTIR microscopy 
                  	A technique that enables a microscope to use infrared spectroscopy to make a chemical analysis of a sample. 
  
                  	Fundamental Parameters (FP) 
                  	A method for quantifying samples of unknown chemical composition in which concentrations of light and heavy elements may vary from a few parts-per-million to high percentage levels 
  
                  	Gas chromatography (GC) 
                  	A type of chromatography used in analytical chemistry for separating and analysing compounds that can be vaporized without decomposition 
  
                  	Graticule 
                  	An accurate scale used in microscopy for measurement 
  
                  	Handheld 
                  	A piece of equipment that can be used held in a person’s hand rather than mounted on a bench or similar 
  
                  	High-performance liquid chromatography (HPLC) 
                  	A type of chromatography used to separate, identify, and quantify each component in a mixture. It relies on pumps to pass a pressurized liquid solvent containing the sample mixture through a column filled with a solid adsorbent material. 
  
                  	Human visual system (HVS) 
                  	A model used by image processing and computer vision experts to deal with biological and psychological processes 
  
                  	Hyperspectral imaging 
                  	A spectral imaging technique that generally has hundreds of bands across several parts of the electromagnetic spectrum separated by a spectrometer 
  
                  	Illuminance 
                  	A measure how much the incident light illuminates the surface, based on human vision 
  
                  	Infrared imaging 
                  	A technique of capturing invisible infrared (IR) images and converting them into visible images. 
  
                  	Infrared spectroscopy 
                  	A technique that uses the interaction of infrared radiation with matter for analysis, particularly of organic material 
  
                  	Infrared User Group (IRUG) 
                  	An international group set up to share infrared and Raman spectra among heritage scientists 
  
                  	Inter-pupillary distance 
                  	An adjustment to compensate for the variability of distance between different observers’ eyes when using microscopes 
  
                  	Invasive 
                  	Techniques that involve sampling or damage to an object 
  
                  	Ion chromatography 
                  	A type of chromatography that separates ions and polar molecules based on their affinity to the ion exchanger 
  
                  	Kholer illumination 
                  	Illumination used for transmitted and reflected light optical microscopy. 
  
                  	Laser scanning 
                  	A technique that captures the shape of physical objects using a line of laser light. 3D laser scanners create “point clouds” of data from the surface of an object. 
  
                  	Lasers 
                  	A device that stimulates atoms or molecules to emit light at particular wavelengths and amplifies that light, typically producing a very narrow beam of radiation. Laser is an acronym for ‘light amplification by stimulated emission of radiation’. 
  
                  	Lens aperture 
                  	A hole or an opening through which light travels through the lens 
  
                  	Light box 
                  	A box with internal illumination and transparent ‘lid’ on which objects can be placed to be viewed with transmitted light 
  
                  	Light sheet 
                  	A thin sheet with internal illumination allowing viewing of single pages with transmitted light 
  
                  	Lux 
                  	Unit of light intensity, based on human vision 
  
                  	Macbeth ColorChecker 
                  	A colour calibration target consisting of an arrangement of 24 squares of painted samples 
  
                  	Magnification 
                  	How many times bigger the image is than the original eg x10, x40 etc 
  
                  	Magnifier 
                  	A simple lens for carrying out close observation 
  
                  	Mass spectroscopy 
                  	A sampling analytical technique that is used for the identification of materials from a mass spectrum, a plot of intensity as a function of the mass-to-charge ratio. 
  
                  	Metadata 
                  	Data that provides information about other data. Metadata is critical for some data as knowledge of the conditions of data capture are required for the interpretation of the results 
  
                  	Metamerism 
                  	A feature of the human eye where two coloured samples will appear the same colour under one light source but will appear different under a different source 
  
                  	Microfilming 
                  	The process of photographic reproduction of documents, usually on a 16 or 25 mm film 
  
                  	Microscope 
                  	Apparatus for visibly magnifying an artefact 
  
                  	Microscopy 
                  	The use of a microscope 
  
                  	Mounting medium 
                  	A substance used in microscopy for mounting samples on a microscope slide 
  
                  	Multispectral imaging 
                  	A spectral imaging technique that generally has tens of bands across the electromagnetic spectrum, separated by use of coloured filters 
  
                  	Near IR (NIR) spectroscopy 
                  	A technique used to obtain infrared spectra in the near infrared region of the electromagnetic spectrum (from about 700 to 2,500 nanometres). 
  
                  	Non-destructive 
                  	Analytical techniques not involving sampling or other damage to objects 
  
                  	Objective lens 
                  	The main magnifying lens nearest the object under observation 
  
                  	Optical Character recognition (OCR) 
                  	A computerized method for converting digital images of printed or written text into machine-readable text. 
  
                  	Optical microscope 
                  	Microscopy utilizing visible light 
  
                  	Optics 
                  	The lenses, mirrors and other components of optical equipment such as microscopes and cameras 
  
                  	Palaeography 
                  	The study of ancient writing 
  
                  	Palimpsest 
                  	A manuscript or piece of writing material where earlier writing has been erased or covered to be replaced with later writing. 
  
                  	Paper chromatography 
                  	An analytical method used to separate coloured chemicals or substances . It is primarily used as a teaching tool, having been replaced in practice by other chromatography methods, such as thin-layer chromatography 
  
                  	Peak area analysis 
                  	The amount of a particular material present in an analysis graph is proportional to area of the peak associated with that material. The area can be approximated by treating the peak as a triangle and the area calculated by multiplying the height of the peak by its width at half height 
  
                  	Photodetector 
                  	A sensor of light or other electromagnetic radiation that converts light photons into electrical current. 
  
                  	Photogrammetry 
                  	A technique for making measurements from photographs. Software uses photographs to produce measurements and 3D models 
  
                  	Photographic surrogates 
                  	Photographic replicas of original objects produced specifically for use as an alternative to using the original 
  
                  	Pigment grains 
                  	Individual particles of mineral the shape and colour of which can be used for identification 
  
                  	Pigments 
                  	Coloured compounds, often inorganic compounds 
  
                  	Pixel 
                  	A physical point in a raster image 
  
                  	Polarized light microscopy 
                  	Microscopy that utilizes the behaviour of certain materials in polarized light as an aid to identification 
  
                  	Portable 
                  	Analytical equipment that can be transported to the collection rather than moving the items to be analysed to the equipment 
  
                  	Principal Component Analysis (PCA) 
                  	A statistical procedure that uses an orthogonal transformation to convert a set of observations of possibly correlated variables 
  
                  	Provenance 
                  	The location where an object was made 
  
                  	Quantification 
                  	The ability to measure the amounts of materials as well as identify them 
  
                  	Raman scatter 
                  	Inelastic scattering of a photon off a molecular bond 
  
                  	Raman spectroscopy 
                  	A molecular spectroscopy method commonly used for identifying pigments by determining the vibrational modes of molecules 
  
                  	Reciprocity 
                  	The relationship between damage by light, exposure time and light intensity. 
  
                  	Reference databases 
                  	Databases of references such as spectra, images, dimensions etc of known materials which can be compared to unknown material 
  
                  	Reflectance Transformation Imaging (RTI) 
                  	A technique that uses a computational photographic method to capture an object’s surface shape and colour and enables the interactive re-lighting of the subject from any direction 
  
                  	Refractive index 
                  	A number that describes how fast light travels through a material 
  
                  	Registration 
                  	The lining up of multiple images so that each element of each image overlaps perfectly 
  
                  	Sampling 
                  	Taking small fragments of an object for analysis. The samples may be destroyed in analysis, or analysed non-destructively allowing further analysis to be undertaken on the same sample 
  
                  	Scanning electron microscopy (SEM) 
                  	A type of electron microscope that produces images of a sample by scanning the surface with a focused beam of electrons. 
  
                  	Scanning XRF 
                  	A technique that produces elemental distribution images which can be combined to form RGB composite images enabling the identification of certain pigments. 
  
                  	Scintillation counter 
                  	A meter to measure background radiation 
  
                  	Select Ion Flow Tube Mass Spectrometry (SIFT-MS) 
                  	A quantitative mass spectrometry technique for trace gas analysis 
  
                  	Short-wave infrared (SWIR) 
                  	A subset of the infrared band in the electromagnetic spectrum, covering the range 1400 nm to 2500 nm. 
  
                  	Size exclusion chromatography (SEC) 
                  	A type of chromatography in which molecules in solution are separated by their size, and in some cases molecular weight 
  
                  	Slide 
                  	A rectangular piece of flat glass used to place samples on in microscopy 
  
                  	Solid phase microextraction (SPME) 
                  	An extraction sampling technique that involves the use of a fibre coated with an extracting phase which extracts different kinds of analytes for analysis 
  
                  	Spectral (photopic) response 
                  	Technical description of human vision 
  
                  	Spectral Angle Mapping (SAM) 
                  	A spectral classification that matches pixels to reference spectra. The algorithm determines the spectral similarity between two spectra by calculating the angle between the spectra and treating them as vectors in a space with dimensionality equal to the number of bands. 
  
                  	Spectral cubes 
                  	A cube of three-dimensional data with coordinates of x, y and λ (wavelength) 
  
                  	Spectral Imaging 
                  	A group of imaging techniques that use multiple bands across the electromagnetic spectrum 
  
                  	Spectralon® 
                  	A fluoropolymer which has high diffuse reflectance over the ultraviolet, visible, and near-infrared regions of the spectrum frequently used for calibration 
  
                  	Spectroscopy 
                  	The study of the interaction between matter and electromagnetic radiation 
  
                  	Spherical aberration 
                  	A lens where incoming light rays focus at different points after passing through a spherical surface 
  
                  	Stereo microscopes 
                  	Microscopes designed so that the image seen by the observer is three-dimensional. These are generally lower powered microscopes used as an aid for sampling and conservation treatments. 
  
                  	SurveNIR 
                  	An EU funded project whose aim was to develop a non-destructive instrument to provide useful data on library collections rapidly using Near Infrared Spectroscopy 
  
                  	Textile fibres 
                  	Fibres, such as wool, silk, cotton and nylon used for producing textiles 
  
                  	Thin-layer chromatography (TLC) 
                  	A form of chromatography performed on a sheet of glass, plastic, or aluminium foil, which is coated with the stationary phase, a thin layer of adsorbent material, usually silica gel, aluminium oxide (alumina), or cellulose 
  
                  	Tyrian purple 
                  	A reddish-purple natural dye extracted from rock snails known as Murex 
  
                  	Ultramarine 
                  	A deep blue pigment made by grinding the mineral lapis lazuli into a powder 
  
                  	Ultraviolet photography 
                  	A technique of recording invisible ultraviolet (UV) images and converting them into visible images. 
  
                  	UV fluorescence imaging 
                  	A technique of recording of the visible light emitted from an object when ‘excited’ by ultraviolet radiation. 
  
                  	UV reflectance imaging 
                  	Ultraviolet photography recording UV light reflected from a subject. 
  
                  	UV-vis-NIR reflectance spectroscopy 
                  	Absorption spectroscopy or reflectance spectroscopy in the ultraviolet, visible sand near Infrared regions of the electromagnetic spectrum 
  
                  	Visible and Near Infrared (VNIR) 
                  	A combination of the visible spectrum, and the NIR subset of the infrared band in the electromagnetic spectrum, covering the range 400 nm to 1100 nm. 
  
                  	Watermarks 
                  	A deliberately applied image or pattern in paper caused by differences in the thickness that is visible when viewed by transmitted light 
  
                  	Wavelength dispersive XRF (WDXRF) 
                  	A technique where analysis is carried out by all the elements in the sample being excited simultaneously. 
  
                  	X-Ray Diffraction 
                  	A rapid analytical technique used for analysis by phase identification of crystalline material 
  
                  	X-Ray Fluorescence Spectroscopy (XRF) 
                  	A non-destructive analytical technique which utilizes X-rays in elemental analysis 
  
                  	X-ray tube 
                  	A vacuum tube that converts electrical input power into X-rays for XRF 
  
                  	X-rays 
                  	A form of high-energy electromagnetic radiation with wavelengths ranging from 0.03 to 3 nanometres 
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