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Introduction  
 

 

Paintings, come down to us and nowadays collocated in galleries and museums, are a 

valuable part of the cultural heritage of mankind. Their artistic, aesthetic and historical 

relevance categorizes them as objects of inestimable value. The pictorial art has seen over 

the time the evolution of several techniques that differ mainly in pigments and supports.   

 

Art historians and conservators are constantly concerned with the questions of where, when 

and by whom a painting was made. In many cases, stylistic considerations combined with 

aesthetic evaluations and archive studies are not able to provide comprehensive answers. 

Further, styles were sometimes imitated and attribution can be difficult to be determined.  

A painting consists of several layers subsequently applied for giving the desired optical 

effect: the shine of colors, the suggestion of shadows or the convincing illusion of an object’s 

texture, are realized by deliberately including multiple layers. In many historical paintings, 

pictorial layers have been applied for purposely hiding previous drawings due to a changing 

of the intent of the artist. The understanding of the chemical nature of pigments and the study 

of the creative process through the visualization of hidden figures “overpaintings” and 

retouches “pentimenti” create a direct link with the historic period of the artwork and they 

are helpful for its authentication. 

The preciousness of the paintings requires the assessment of their integrity and the 

continuous attention of their state of conservation. Discoloring and degradation processes of 

paints must be cured or prevented before they become visible. Thus, the knowledge of the 

original materials is of crucial importance for the programming a restoration treatment or for 

the choice of environmental conditions of conservation, in manner to preserve their original 

structure as much possible. 

 

In this context, historical paintings have been object of intensive studies for several decades. 

A large range of spectroscopic and spectrometric methods have been developed and 

combined for the understanding compositional aspects as well as to know stratigraphy. 

Scientific investigations need to preserve the original structure of the painting, limiting to 

the minimum the sampling. In order to fulfil this mandatory requirement, the development 

of non-destructive techniques (mainly based on portable instrumentation), allowed to not 

expose artworks to environmental stress or damage risks and it increased considerably the 

number of investigated objects, contributing to expand their knowledge and conservation 

procedures. 

 

Nowadays, macro X-ray fluorescence (MA-XRF) is a well-established technique for the 

non-invasive and element-specific imaging of painted surfaces. It allows the determination 

of the spatial distribution of chemical elements over large areas, thus enabling to infer the 

presence of pigments or mixtures thereof across the entire surface of a work of art.   
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Its multispectral capabilities allow gaining information on pigments below the visible 

surface and to put in evidence the existence of hidden details. The technique is performed 

by scanning the painting with an X-ray beam of few hundreds of microns and the 

fluorescence radiation, properly detected, is used to build-up point-by-point the chemical 

mapping with high spatial resolution. 

 

Recently, a novel mobile MA-XRF scanner has been developed allowing the (near) real-

time elemental imaging of large dimension painted artworks.  

To date, performances of this device in terms of lateral resolution, scanning speed and 

dimensions of the scanning area, makes it as one of the most (or even the most) efficient 

portable MA-XRF systems available in the scientific community for studying paintings.  

The development of the MA-XRF scanner and its application to the study of painted artworks 

represents the focus of this PhD project carried out at the LANDIS laboratory of LNS-INFN 

and IBAM-CNR in Catania (Italy). 

 

The instrument is based on microfocus X-ray tube coupled to a polycapillary optic for 

transmission and focusing of primary radiation on the sample. The fluorescence induced on 

the sample is detected by a large area SDD detector operating in time-list event-mode. The 

scanner is fully controlled by a custom developed control unit programmed for the real-time 

control of all sensors and for a real-time data analysis. It allows the analysis of large surfaces 

up to 110 X 70 cm2. MA-XRF elemental mapping is performed with a sub-millimetric lateral 

resolution by placing the painting out-of-focus of the optic. However, images with a lateral 

resolution of 38 µm can be achieved for analysis of pictorial details with a simple adjustment 

of sample in the optic focus position. MA-XRF scanner operates acquisitions in continuous 

mode with a maximum scanning speed of 100 mm sec-1, covering the full area in 4.2 hours.   

 

MA-XRF scanner works with an in-house programmed software allowing a real-time least 

square fitting of pixel spectra. Up to 5000 fit per second are operated in a live mode.  

Elemental maps are available for interpretation at the end of scanning.  

 

The analytical capabilities of the scanner have been verified in a number of case-studies in 

collaboration with Museums and for which the MA-XRF scanner has been used in-situ. In 

the present PhD work we discuss MA-XRF technique applied for studying three different 

typologies of artworks. 

 

As a first example, it is presented the MA-XRF investigation of “Paston Treasure”, a 

precious painting allocated at the Norwich Castle Museum (UK) and considered one among 

the most important painting in the history of British Arts. The research activity was carried 

out in collaboration with the Fitzwilliam Museum (UK, Cambridge), the Yale Centre for 

British Art (USA) and the Norwich Castel Museum (Norwich). MA-XRF analysis has 

provided knowledge of original painting materials of the artist and information concerning 

the creative process. Elemental images have revealed a hidden figure of a woman in the 

center of the composition and details emerged by X-rays analysis as her gown and hair 

ornaments have been helpful for inferring her identity, still now object to various 

interpretations.   
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As a second example, it is discussed the use of MA-XRF at the Museo Egizio in Torino 

(Italy) for analysis of the funerary objects in the tomb of Kha and Merit (1428-1351 BC). 

This is one of very few known examples of Egyptian tombs never depredated before its 

discovery and never subject to the scientific analysis. The elemental maps of painted wooden 

coffers has revealed a complex palette of pigments and presence of hidden “pentimenti” 

identified in the painted scenes. Some parts of the written text in the body of the coffers that 

has become unreadable over the time was unveiled as well.   

 

Finally, a collaboration with the Fitzwilliam Museum, has seen MA-XRF analysis of 

illuminated manuscripts, created in Italy during 14th century. MA-XRF analysis has allowed 

to study the palette employed by illuminators, contextualizing their historic attribution. 

Further, macroscopic X-ray imaging allows to make readable the inscriptions in Latin 

present on the back side of the fragment, until then never decoded. 

 

This work is arranged in four main Chapters: 

 

The first Chapter discusses capabilities and potentialities of several imaging 

techniques that have given a great contribution in the field of art and conservation, with 

major emphasis to MA-XRF methodology. 

The second Chapter is dedicated to fundamental aspects of the X-ray fluorescence 

and components to be used in X-ray spectrometry. 

The third Chapter discusses the development of the MA-XRF scanner trough the 

detailed description of components, sensors and control system. The presentation of 

spectrometric figures of merit, acquisition-scanning mode and scanning speeds 

performances is also included in the third session of this work. In addition, the third Chapter 

explains the architecture and the functionalities of the in-house programmed software for the 

real-time elaboration of the images.  

Finally, in the fourth Chapter the value of the technique is illustrated through the 

presentation of three analytical cases. Analytical results are presented and discussed. 

 



 

 
 

Chapter 1 
The paintings  

 

Since antiquity up to the modern times paintings reflect the evolution of human creativity in 

application of natural and synthetic pigment materials on different pictorial supports.  

Paintings are complex materials with a multi-layered structure. In a very general description 

they can be schematized as in the sketch of Figure 1 [1]. 

The first layer is the support that can be of different nature. Since the intensive production 

of painting from middle ages up to the modern time, easel paintings making use of canvas 

or wood panels as pictorial supports are the most significant. However, other materials like 

metals, paper, parchments, marbles, etc., have been used since antiquity. 

In the case of canvases, they were mounted on a frame and covered with an organic 

gelatinous glue for ensuring its protection and a sufficient adhesion of successive layers.  

The layer over the canvas is the ground. It is an intermediate layer between the support and 

the painting. A common materials used as a ground was whited gypsum or chalk (CaCO3), 

forming a smooth surface ready for the paint application. A white ground was employed for 

its capability of creating artistic effects on the full paintings (for instance giving more 

brightness to the colours). The ground composition was subject to changes over the time and 

even coloured ground have be used. Typically, they were obtained with a layer of lead-white 

(2PbCO3·Pb(OH)2), gypsum (CaSO4·2H2O), and a mixture of earth pigments. 

The ground is usually used by the artists to draw initial sketch of their work by using 

charcoal, chalk, metal points, inks, etc. 

 

 
Figure 1: structure of a painting [1]. 
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The layer over the ground is the artistic paint, obtained by a mixture of fine powders 

responsible for the color: the pigments. A binder is used to keeps the particles of these 

powders together. Among binders for oil paintings there are walnut, linseed, and poppy seed 

oils, among binders for tempera, egg yolk, egg white, casein and Arabic gum are mostly 

employed. Sometimes, paint may also contain a diluent to make the paint spread more 

uniformly and (or) to change its transparency to the desired degree.  

The varnish layer is transparent and optional. It may just bring addition protection to the 

outer layers of the painting or enhance the visual perception of the paint layers underneath. 

Varnish is often made of natural or synthetic resin. 

 

Pigments represent an extended topic including nature of raw materials, manufacturing 

technologies, painting techniques [2]. They are both organic (e.g., madder lake, indigo) and 

inorganic (e.g. smalt, vermilion). Mostly, they can be found in nature as minerals, while 

others are prepared artificially. They can be found in the artworks as pure pigments or as 

mixture at a typical concentration level of several mass percent and thickness form a few up 

to tens of microns. Table 1summarizes some of the most commons pigments used in 

paintings including the period of use from antiquity since modern time.  
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Blue pigments Chemical name Formula Source/Date Used until 

Azurite 
(Blue verditer) 

Basic copper (II) 
carbonate 

2 CuCO3 · Cu(OH)2 
mineral  (Egyptians) 
/artificial  (1600) 

1700 

Cerulean Blue Cobalt (II) stannate CoO · n SnO2 artificial  1821 in use 

Cobalt Blue 
Cobalt (II)-doped 
alumina glass 

CoO · Al2O3 artificial  1775 In use 

Egyptian Blue 
Calcium copper (II) 
silicate 

CaCuSi4O10 
mineral   
third millenium BC 

Romans 

Lazurite 
(from Lapis Lazuli) 
Utramarine 

sulfur-containing 
sodium aluminum 
silicate 

Na8-10Al6Si6O24S2-4 
mineral  1100 
artificial  1828 

in use 

Manganese Blue 
Barium manganate 
(VII) sulfate 

BaMnO4-BaSO4 artificial  1907 in use 

Phthalocyanine 
Blue (Winsor Blue) 

Copper (II) 
phtalocyanine 

C32H16N8Cu artificial  1936 in use 

Prussian Blue 
Iron (III) 
hexacyanoferrate 
(III) 

Fe[Fe3+Fe2+(CN)6]3 artificial  1704 in use 

Smalt Cobalt(III)silicate 
SiO2+ K20 + Al2O3 + 
CoO 

artificial  1400 1700 

Verdigris Basic copper (II) 
Cu(OH)2 · (CH3COO)2 · 
5 H2O 

Cu corrosion products 
(acetates)/Greeks 

1800 

Red  Chemical name Formula Source/Date Used until 

Cadmium red 

Cadmium sulfide 
(CdS) + cadmium 
selenide (CdSe) in 
varying proportion 

CdS + CdSe artificial 1919 in use 

Chrome red 
Basic lead(II)-
chromate 

PbCrO4 · Pb(OH)2 artificial 1809 1900 

Realgar Arsenic sulfide As4S4 
mineral and artificial / 
Antiquity (Egyptians) 

1800 

Red lead (minimum) Lead(II,IV)-oxide Pb3O4 
mineral and artificial / 
Antiquity (Greeks), 
artificial (Romans) 

1800 

Red ochre 
Anhydrous iron(III)-
oxide 

Fe2O3 
natural earth and 
artificial / prehistoric 

in use 

Vermillion 
(cinnabar) 

Mercuric sulfide HgS 

mineral  antiquity 
(Greeks)/ 
artificial / 1700 
(vermilion) 

1800 

Ochre 
Iron oxide and 
hydroxide 

Fe oxide and hydroxide mineral  antiquity in use 

White Chemical name Formula Source/Date Used until 

Titanium white Titanium dioxide TiO2 artificial  1921 in use 

Barytes Barium sulfate BaSO4 
mineral / artificial 
(1800) 

in use 

Chalk (whitening) Calcium carbonate CaCO3 mineral  antiquity In use 

Lead white 
Lead (II) carbonate 
(basic) 

2 PbCO3· Pb(OH)2 
artficial  antiquity 
(Greeks) 

in use 
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Lithopone 
Zinc sulfide and 
barium sulfate 

ZnSBaSO4 1874  

Zinc white Zinc oxide ZnO artificial  1834 in use 

Black Chemical name Formula Source/Date Used until 

Bone/Ivory Black 
Calcium phosphate 
+ calcium carbonate 
+carbon 

Ca3(PO4)2+C+ 
CaCO3/Ca3(PO4)2 +C+ 
MgSO4/ 

animal  prehistory in use 

Green  Chemical name Formula Source/Date Used until 

Cobalt green 
Cobalt(II)-oxide-
zinc(II)-oxide 

CoO · ZnO artificial  1780 in use 

Emerald green 
Copper(II)-
acetoarsenite 

Cu(CH3COO)2 ·3 
Cu(AsO2)2 

artificial  1814 1900 

Green earth 
complex 
aluminosilicate 
minerals 

K[(Al,FeIII),(FeII,Mg)] 
(AlSi3,Si4)O10(OH)2 

Mineral antiquity 
(Greeks) 

in use 

Malachite 
(Green Verditer) 

Basic copper(II) 
carbonate 

2 CuCO3.Cu(OH)2 
mineral and artificial / 
antiquity (Egyptians) 

1500 

Verdigris 
Basic Copper 
acetate 

Cu(OH)2 · (CH3COO)2 · 
5 H2O 

artificial   antiquity 
(Greeks) 

1800 

Viridian 
(Chrome oxide) 

Chromium(III)-oxide 
dihydrate 

Cr2O3 · 2 H2O artificial  1838 in use 

Yellow Chemical name Formula Source/Date Used until 

Cadmium yellow Cadmium sulfide CdS artificial 1820 in use 

Chrome yellow Lead(II)-chromate PbCrO4 artificial /1816 in use 

Cobalt yellow 
Potassium 
cobaltinitrite 

K3[Co(NO2)6] · H2O artificial /1852 in use 

Lead tin yellow 

Lead stannate 
(Type I) 
lead tin oxide 
silicate (Type II) 

Pb2SnO4 (Type I) 
Pb(Sn,Si)O3 (Type II) 

artificial /1200 1700 

Ochre 
Iron oxide and 
hydroxide 

Fe oxide and hydroxide mineral/ antiquity in use 

Lemon yellow 

Barium chromate or 
strontium chromate 
or mixture of lead 
chromate + lead 
sulphate 

BaCrO4 artificial 1830 in use 

Orpiment Arsenic sulfide As2S3 
mineral and artificial / 
Antiquity (Egyptians) 

1800 

Naples yellow 
(Lead antimonate) 

Lead(II)-antimonate 
Pb(SbO3)2 or 
Pb(SbO4)2 

artificial 1500 in use 

Strontium chromite Strontium chromate SrCrO4 artificial 1900 in use 

Zinc yellow 
Complex zinc 
potassium chromate 

K2O · 4 ZnCrO4 · 3 
H2O. 

artificial 1850 in use 

Brown  Chemical name Formula Source/Date Used until 

Umber 
Iron(III)-oxide, partly 
hydrated + 

Fe2O3 (· H2O) + 
MnO2·(n H2O)+ Al2O3 

nature earth  
prehistoric 

in use 
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Table 1: Inorganic pigments. 

 

 

1.1. Scientific investigation of paintings 
 

1.1.1 XRF technique in Art and Archeology 
 

In the study of art objects and other historical materials, the ability to employ non-destructive 

analytical methods and techniques which can be operated in situ is often mandatory.  The 

artworks can be of different nature (e.g. paintings, metals, glass, wood, stone, ceramic, etc.). 

They can be decorated with pigment materials, and they may be well preserved or in a serious 

state of deterioration. In any cases their sampling for analysis is severely limited, or in many 

cases forbidden [3]. 

Studies involving scientific methods [4 - 6] are aimed to the identification and knowledge of 

different aspects concerning an art object. In many cases, the chemical composition is the 

primary type of information to be investigated. In addition, analytical results can provide 

novel insights on provenance, historical context, manufacturing technology and 

geographical spread of investigated cultural objects [7-12]. 

In this work our attention is focused on painting study, for which chemical analysis is aimed 

to the comprehension of the nature of pigments to the painting techniques and to the 

materials identification that distinguish a particular artistic movement. 

Next to these cultural–historical motivations, scientific methods may also be applied to 

evaluate the state of conservation of artworks. In this way, the information obtained may be 

used to identify the most appropriate conservation policy and restoration [13-16]. 

 

Similarly, objects that have been subjected to restoration treatments (recently or in the past) 

may be investigated to discriminate original materials from new ones or to evaluate the 

efficacy of past treatments.  

Finally, scientific methods are also suitable to gain information concerning the 

authentication of artworks [17-18]. In the case of paintings, the occurrence of modern 

pigments in a historic painting is often used to address question of authenticity. In such a 

case, conservators usually verify whether there is discrepancy between the assumed date of 

the painting and the date of introduction of the anomalous pigments. 

Mostly, the scientific techniques applied to an art object need to be [19-20]: 

 

i. Non-destructive. The analysis doesn't have to cause any (visible) damage to the 

sample. Sampling, if allowed, should be limited to very small amounts; 

manganese oxide + 
aluminium oxide 

Van Dyke brown 

Iron(III)-oxide, partly 
hydrated + 
manganese oxide 
partly hydrated + 
humic acids 

Fe2O3 (· H2O) + 
MnO2·(n H2O) + humic 
acids 

nature earth  1600 in use 
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ii. Fast. The analysis should be fast because the time conferred for investigation of 

artworks is subjected to restrictions. In addition, a fast analysis allows to 

investigate a large numbers of objects allowing systematic and comparative 

studies.  

iii. Versatile. The use of a single instrument should allow the analysis of many 

materials and objects of various shapes and dimensions; 

iv. Sensitive. Analytical techniques should present the highest chemical sensitivity in 

order to allow the investigation of major, minor and trace elements. 

v. Multi-elemental. – A single measurement should allow to detect most of the 

elements composing a sample simultaneously. 

 

Conventional X-ray Fluorescence (XRF) satisfies many of above mentioned requirements. 

Nowadays, XRF is a widely employed analytical method in scientific examination of 

artworks [21-24]. XRF is based on the irradiation of samples with a primary X-ray beam 

inducing atomic species to emit characteristic X-ray fluorescence. Identification of these X-

ray lines in the spectrum provides information on the chemical elements composing the 

sample [25-29]. Moreover, a quantification of spectra is possible. Quantitative analysis is 

based on a calibration with reference materials of similar composition to the one under 

investigation or, more appropriately, it is based on absorption calculations taking into 

account the expected matrix composition through an opportune calibration procedure based 

on the well-established fundamental parameters [30- 36]. In the second Chapter of this work 

the important aspects of X-ray fluorescence methods, schematized in Figure 2, will be 

extensively discussed. 

 

 

 
Figure 2: schematic of X-ray fluorescence technique. 

 

 

X-ray spectrometry started to be extensively used in the Cultural Heritage field with the 

development of portable XRF instruments (PXRF). The portability of the XRF technique 

has allowed to increase noticeably the number and typologies of objects to be studied [37- 
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46]. Since spectrometers have been moved directly to museums or archaeological sites, 

immovable or otherwise inaccessible objects, have been easily reached for analysis [47-48, 

3]. 

In the case of paintings, conventional XRF technique is operated locally and, in many cases, 

information obtained by the analysis can give misleading information. 

 

 

1.2. XRF imaging techniques 
 

A considerable impulse to further development of the XRF technique is arose from scholars, 

conservators, art historians of knowing more about the creative process and the artist's modus 

operandi together to the need to assess and predict the current and future conservation state 

of artworks. 

The first motivation is essentially of art-historical nature and seeks to (better) reconstruct the 

history of an artwork, whereas second motivation is more strongly linked to potential 

conservation treatment of an artwork. 

In particular, the main motivations to perform XRF analyses on valuable paintings can be 

synthetize in three interest aspects: 

 

1) to study the original materials used by artist and establish a link between the painting and 

artist to whom it is attributed or (in the case of autograph works) to obtain novel insights 

into the evolution of his painting technique and materials. In several analytical cases, this 

purpose involves the combination and the comparison between data obtained from several 

paintings by the same artist, or to resort to combined measurements with other methods; 

 

2) to visualize sub-surface layers that can be interested by overpainted hidden drawings, or 

the so-called pentimenti. The penetration capability of X-rays allows to go in deep besides 

the first pictorial layer (several tens to hundreds of micrometres), so elements present 

below the surface contribute to the elemental distribution images, revealing what that is 

not visible to naked eye. Overpainted drawings help to reconstruct the history of the 

painting; 

 

3) to document the state of conservation of paintings and learn more about the material 

changes due to past conservation treatments or to the environmental conditions. 

 

Over the time, in order to meet the above demands the possibility of going beyond the local 

investigation has been investigated and many efforts have been aimed towards the 

development of XRF imaging techniques [49].  

XRF imaging is aimed to study an art objects in its full dimensions without leaving any parts 

not examined. It should provide readable results in the form of images that can be easily 

interpreted by archaeologists, conservators, art scientists and scholars. 

In the 1990s, the first spectrometers coupled to a scanning device were developed for 

mapping the pigments distribution of decorated surfaces of artworks [50]. 
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In scanning XRF as in conventional XRF, the sample is locally irradiated by a focused or 

collimated X-ray beam and the emitted fluorescence is recorded by an energy-dispersive X-

ray detector. The sample is moved by using motorized stages; measurements are repeated 

sequentially pixel-by-pixel and the investigation is extended to the whole painted surface 

[51]. 

 

Scanning XRF imaging is a variant of XRF technique and its ability lies in the spatial 

visualization of the distribution of detected elements, providing additional concerning 

pigment signature, painting techniques, conservation state. Moreover, as discussed in the 

present work, the multispectral capability of XRF imaging technique allows to look beyond 

the painting surface putting in evidence hidden paintings or details not visible by the eyes. 

A further elaboration of the XRF imaging technique was possible thanks to the increasing 

availability of X-ray microbeams in Synchrotrons [52-57]. This allowed to develop 

advanced imaging technique for investigating samples at a microscopic scale obtaining 

elemental images with a lateral resolution in the micrometre scale of length. Its application 

allowed to map very small pictorial details of art objects [58-60]. Measurements based on 

synchrotron X-ray beams present several advantages as the high intensity and the 

monochromaticity of primary radiation. High brightness allows visualizing heavy elements 

of a paint with dwell times in the ms range with a better contrast and a higher lateral 

resolution. Furthermore, the tunable energy offers the possibility of inducing selective 

excitation of specific elements. The rapid diffusion of polycapillary lens and microfocus 

tubes, has allowed to develop the technique to portable instruments [38]. 

Later on, many efforts have been done in order to transfer the established Synchrotron 

Radiation- (SR)-μ-XRF imaging to the study of larger size objects (up to several square 

metres), starting the development of the macroscopic XRF imaging (MA-XRF). Macro XRF 

imaging uses a slightly broadened beam of about few hundred micron to illuminate the large 

paintig surfaces [61]. 

In general, the separation link between the established μ-XRF and the novel MA-XRF 

imaging, consists in resolving power of the mapping. An arbitrary border between both 

variants is usually taken at the 100 µm level. 

Although the outstanding performances of SR based techniques, only small and medium 

sized artworks have been examined. In addition, the necessity of transporting artworks at 

synchrotron laboratory has limited further developments. 

The new developments of microfocus X-ray tube with high performances and the 

increasingly diffusion of focusing polycapillary optics pushed the development of novel self-

built and commercial mobile scanning XRF systems. Portable XRF scanners allowed the 

application of the study art objects, avoiding their mobility solving implications related to 

risks of theft, damage, non-optimal climatic conditions and additional costs [62, 63].  

 

The first example of portable instrument for MA-XRF analysis of historical paintings was 

commercially available in 2001, it allowed to analyse a small area up to 5 × 5 cm2 [64]. 

Later, system developed by Hocquet et al. [65] introduced the possibility to scan a larger 

area but a still too slow scanning velocity (5 days for an area of 30 × 30 cm2 with 1 mm step 

size and 5 sec dwell time). A remarkable contribute in the MA-XRF portable systems 
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development has been given from Alfeld et al., making effectively possible the examination 

of large sample areas [66, 61, 55]. In [62] Alfeld et al. describe the design and optimization 

of different versions of mobile instruments and their comparison in term of spectroscopic 

capabilities. These devices were based on powered X-ray tubes, multi-detectors, and 

polycapillary lens instead collimators (pinholes) [63]. 

Although tube-based scanning systems are probably still not able to reach the capabilities of 

a synchrotron radiation-based scanner, its mobility, allowing in-situ investigations, 

compensates the more long acquisition times. Nevertheless, efforts for increasing the 

capabilities of portable MA-XRF instruments represent nowadays an open research field, so 

that their development can limit the SR-scanners to more demanding study-cases in terms of 

resolution or sensitivity. 

In view of information provided by MA-XRF analysis particularly relevant in art-historical 

field and in art-conservation research, efforts have been undertaken for extending the 

applicability of the method to other types of two-dimensional art objects. Thus, MA-XRF 

analyses has seen recent innovative applications with promising results directed to study of 

painted artworks with support from canvas, as illuminated manuscripts [67], stained-glass 

panels [68], enamelled artworks [69] and painted woods. 

 

 

1.3. Other imaging techniques 
 

Over the past decades, a large range of sophisticated imaging techniques, each with its own 

sphere of application, strengths and weaknesses, have been fine-tuned, and used as 

complementary methods to chemical analysis of a painting or a cultural good in general [70, 

1]. To use scientific analyses as a tool for art research, comprehensive understanding needs 

of a full range of available analytical methods allied with a solid knowledge of art history.  

Imaging techniques such as Multispectral imaging (MSI), X-ray radiography (XRR), 

Neutron activation auto-radiography (NAAR) are largely used as complementary methods 

to understanding the artist’s use of materials and for providing information on features as 

alterations or the physical structure of a painting. Each technique has a differentiated 

penetration-depth, as showed in Figure 3 their combination contributes to reconstruct the 

layers sequence and to detect underdrawings, changes “pentimenti”, or previous 

compositions hidden over time. 

Further, imaging techniques are often combined with Raman and Fourier transform infrared 

(FTIR) spectroscopy for molecular and structural information about organic and inorganic 

pigments making it possible the detection of varnishes, blinders, complex mixtures [71-75]. 

This section explores the contribution of imaging techniques aimed to the study and to the 

conservation of the cultural heritage. 
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Figure 3: imaging techniques energy ranges and corresponding penetration depth into 

painting structure. 

 

1.3.1 Multispectral Imaging (MSI) 
 

Multispectral [76-78] imaging (MSI) consists of many pictures of the same scene acquired 

at a different wavelength. Generally, four electro-magnetic spectrum bands are employed: 

ultraviolet (UV, 360–400 nm), visible (VIS, 400–780 nm), infrared (IR, 780–1100 nm) and 

Infrared Reflectography (IRR 1000–1700 nm). The images can be acquired in reflection 

mode (R), fluorescence (F) or false color (FC) and they can also be performed in 

transmission, where the light which passes through the painting is recorded. Multispectral 

methods do not fulfil the analytical capabilities offered from the spectroscopic methods; 

however, their use has the advantage of being a rapid and relatively low-cost solution for the 

examination of large areas [79]. In order to identify pigments with an acceptable degree of 

certainty, at least one other material specific technique must be used to complement 

multispectral imaging diagnostics. The principle is based on the fluorescence of some 

pigments or other materials such as varnishes that are sensitive to emit light after having 

been illuminated with UV, visible or infrared radiation, in particular: 
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1) Visible light (VIS) imaging with the usual colour photograph serving as the reference 

for the other images. Visible Transmitted (VISTR) technique allows a better 

separation of paint layers and can make later alterations more visible.  

 

2) Ultraviolet Fluorescence (UVF) is indicated as a surface technique, based on the 

illumination of the painting by ultraviolet radiation and the recording of the resulting 

emitted fluorescence [80]. Organic compounds can easily be detected as the presence 

of natural resin varnishes. In addition, UV based technique is sensitive to the 

identification of retouching applied on top of an aged varnish, that appear darker than 

the original materials. Ultraviolet Reflected (UVR) technique is useful for spotting 

different pigments that look alike in the visible range and for visualizing faded inks 

and prints. A more powerful variation of the UVR method is UV false colour (UVFC) 

combining UVR images to the visible image. In Figure 4, the simple UVF 

measurement setup is showed, it consists of a UV lamp and of a digital camera 

equipped with a cut UV filter. The experimental set up for the UVR is identical to 

the UVF except that you substitute a VIS cut filter for a UV cut filter. The result will 

be a monochromatic image of the UV reflected from the painting. 

 

 

 

 
Figure 4: setup for Ultraviolet reflection (UVR) and fluorescence (UVF) analysis. 

 

3) Infrared reflectography (IRR) technique is based on the illumination of the painting 

with infrareds or only visible light (Infrared Fluorescence- IRF) and by recording the 

reflected infrared radiation, as sketched in Figure 5. IR radiation penetrates the 

surface layers of the painting and the underdrawing becomes visible, due to the 

transparency of some pigments, as such as lead white and titanium white [81]. IRR 

analysis has provided important information for authentication in paintings based on 

black carbon sketches drawn on a white gesso ground (calcium sulfate). Due to the 

IR radiation absorption by black carbon and reflection back from the ground, black 

carbon underdrawing become visible. In Section 1.3.1 a detailed description of the 

capabilities of IRR method follows. In some other cases, a better visual 

representation of underdrawings and alterations is given by performing Infrared 
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technique in transmission mode (IRTR) (see Figure 5). Further, IR based technique 

can be combined to a visible picture and infrared picture in the Infrared False Colour 

imaging (IRFC), it allows to distinguish different pigments that appear the same to 

the naked eye and retouches. The technique is very suitable for some pigments such 

as cadmium yellow that emits fluorescence in the infrared region. 

 

  

 
Figure 5: (left) Setup for Infrared (IRR) reflected (IRR) and fluorescence (IRF) 

analysis; (right) Infrared transmitted setup (IRT). 

 

 

4) Recently, Terahertz (THz) electro-magnetic spectral band has been explored for art 

objects studies. It is complementary to the other techniques and it lies between the 

infrared and microwave regions, about 0.1–10 THz; however, the 0.5–13 THz 

frequency range is preferred for paintings investigation [82-84]. THz technology is 

relatively less diffused than other parts of the electro-magnetic spectrum, because the 

devices are relatively bulky and have not yet been optimized for use on-site in 

museums and in field sites [85-87]. THz radiation can penetrate non-metallic 

optically opaque materials and it reaches all painting layers up to the support, 

revealing structural problems or paint’s flacking. Further, radiation induces 

molecular bending and stretching by exciting collective motions, so the technique 

results sensitive to humidity content, important for the conservation of paintings.  

1.3.2 Infra Red Reflectography (IRR) 
 

Infra-Red Reflectography (IRR) is, like X-ray radiography, a traditional well-

established technique for the in-situ investigation of historical paintings [88]. 

Similarly, the technique allows the revelation of pictorial layers hidden by 

superimposed ones, due to the artist’s changes or to subsequent restorations, as well 

as the visualization of the under-drawing, executed by the artist on the preparation 

before laying the colors [89-91]. 
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IRR was first employed by J.R.J. van Asperen de Boer in the 1960’s [92, 81] and 

nowadays, is performed routinely in many museums worldwide. 

 

In particular, for the investigation of sub-surface layers of historical paintings, Near 

Infra Red (NIR) using the electromagnetic spectrum from 0.7 to 1.1 µm and Short-

Wave Infrared (SWIR) referred to the band of 1.1–2.5 µm are highly suitable for 

visualizing carbon-based underdrawings (charcoal, graphite, soot ink and black 

chalk), especially used in 15th-16th century dated back paintings [93]. Sometimes, 

there is no common agreement on distinguishing NIR and SWIR. In different 

publications one can find various wavelengths for these ranges, or even no distinction 

for the SWIR band. IRR technique is based on the light exposure of a paint surface 

that partly reflects it from the top surface and partly penetrates it. Light propagating 

inside the paint layer is scattered by the pigment particles and the binder, which 

eventually returns part of the intensity back to the observer.  

The under-drawing visibility essentially depends on the contrast between the 

radiation reflected by the preparation and that one absorbed by the drawing itself. For 

dark pigments (e.g., ivory black or carbon black) the factor of absorption is 

predominant, while for the bright white pigments as white gesso (calcium sulfate) the 

scattering is the only factor. In particular, sketches made by black carbon appear dark 

and can easily be observed because of the high absorption from carbon based 

pigments [94]. 

Also, the contrast depends on the layer (or multilayer) transparency – i.e. the grain 

size and concentration of the pigment, the medium used, the layer thickness – and on 

the existence of an enough reflecting ground. For example, the contrast is maximized 

when the former is traced out with carbonaceous pencils or inks on a gypsum ground. 

On the contrary, the drawing may not be visible when it is realized with iron-gallic 

inks, which are nearly transparent to IR radiation. Thus, the main IRR limitation is 

due to impossibility to visualize underdrawings, which were not realized with a 

carbon-based material, white (calcium carbonate) and red chalk (haematite) and 

metal points.  

IRR measurement is performed in reflection geometry and full-field mode, and the 

technique has the advantage that the radiation employed is conveniently available by 

using conventional incandescent lamps and electronic flash tubes and does not 

constitute no health hazards. At first, IR radiation reflected by the painting impressed 

photographic films, but their limited sensitivity in the 0.7-0.9 μm spectral range 

produced poor quality images. Indeed, radiation in this range passes through some 

pigments, in particular reds and whites, while greens and blues resulted nearly 

opaque.  

The later development of Vidicon tubes sensitive up to 1.9 µm [95, 92] allowed to 

visualize underlying features of the paintings in a more effective way compared to 

IR films. Vidicon tubes limitation is that they have scarce light sensitivity, so that 

measurements request an intense illumination, which can induce a detrimental 

warming of the painting surface. Moreover images are characterized by a very low 

contrast due to the limited number (some tens) of grey levels, and are affected by 
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geometrical distortion, due to the camera lens and to the device intrinsic 

characteristics. In order to have a high spatial resolution the measured area must be 

very small (10×10 cm2 to have a resolution of 4×4 pixel/mm2).  

The reproduction of a large panel thus requires the collection of several images (more 

than 100 for an area of 1 m2) that are successively combined in a mosaic. Since the 

single images are brighter in the centre and darker on the borders as consequence of 

the non-uniform sensitivity of the detector’s area, the resulting reflectogram 

generally appears tiled, in many cases even after equalization. Over the time, 

Vidicons were replaced by solid state array cameras, as CCD or CMOS cameras, 

with sensitivity from 0.7 to 1.1 µm [96]. Although Low-cost CCD detectors have a 

higher intensity resolution, less geometrical distortion and the image has a much 

better uniformity than in Vidicon case, they do not improve the quality of the 

acquired images in a significant way, indeed, their sensitivity is limited up to 1.1 μm 

so that the acquired images have the same low informative content. However, 

expensive CCD devices may strongly improve the underlying features.  

Among the first materials employed for solid state arrays there was PtSi (sensitive to 

1.0-5.0 µm) [97, 98] that required liquid nitrogen cooling and the spectral range 

acquired was adjusted by IR filters, selecting the best spectral band suited for the 

underdrawings visualization. Today the most common material is InGaAs [99, 100]. 

These detectors are sensitive to radiation between 0.9 and 1.7 µm, no require liquid 

nitrogen cooling and are featured a higher quantum efficiency compared to vidicon 

tubes and PtSi solid state arrays. In order to record higher wavelengths also solid 

state detectors made of HgCdTe and InSb are available, these devices are 

considerably more expensive and require cooling in order to obtain acceptable signal-

to-noise ratios.  

However, solid state detectors commonly available have a size of considerably less 

than 1 Mpixel, so that the assembling of sub-areas cannot be avoided. In 

complementary way to the full field IRR mode, in 1990 Bertani describes an IRR 

scanning system achieving a spatial resolution of 200 μm in the spectral region 

between 1.1 and 1.5 µm [101]. In addition, recently, a multiband approach based on 

acquisitions in narrow-bands [102], introduces some advantages over the 

conventional IRR performed in wideband modality (i.e., in the large near-infrared 

band).  

Multiband IRR opens the way to new applications for the study of artists’ materials, 

allowing acquisition of information about some pigments and their mapping across 

the painting. Daffara et al. [103, 104] describe an advanced IRR scanning device 

which records 14 bands in the NIR and SWIR from 0.7 to 2.3 µm and allows for 

multispectral imaging, achieving a spatial resolution of 500 µm. Scanning systems 

require measurement times in the range of hours to scan 1 square meter at maximum 

resolution. Finally, measurements in transmission geometry of canvas paintings 

[105-107], exploiting their slight transparency to IR radiation, have been described 

several decades ago but until recent periods its application was hindered by the low 

sensitivity of IR detectors, which necessitated long exposure times. However, 
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transmission IR images are less surface sensitive than reflectograms, so that the 

underdrawings weakly visible in the IRR, can be observed in the transmission image. 

 

1.3.3 X-Rays Radiography (XRR) 
 

Among the imaging techniques that may reveal the inner structure of a painted artifacts in 

non-destructive way XRR (X-Rays Radiography) is a well-established technique, performed 

from the end of the 19th century soon after discovery of the X-rays [108]. 

Conventional X-ray radiography is mainly done in transmission mode with no energy 

discrimination. Typically, an X-ray tube is placed on one side of the painting and the 

transmitted X-rays are detected using an X-ray film, phosphor imaging film or pixel detector, 

as is showed in Figure 6. 

 

 

 
Figure 6: X-ray radiography setup. 

 

 

The development of X-radiography gave conservators and art historians access to 

information related to the entire three-dimensional structure of an art object. Paintings are 

multi-layered objects structured with a support (wooden panel, canvas on a frame, copper 

plate, etc.), a ground (layer of gypsum, chalk or lead white), and the pictorial layer [109]. 

Radiography is used to visualize the distribution of these layers through the primary beam 

absorption that follows the Beer-Lambert law [110, 66, 52, 61]. However, the most 

interesting information comes from the paint layers, allowing different artists’ hands to be 

distinguished in different stages of a painting, the discovery of previous compositions 

beneath the surface of the painting and, in a few cases, the detection of fakes. Each layer is 

characterized by its attenuation coefficient, that depends by density and thickness, and the 

absorbance image is directly proportional to the attenuation coefficients. The use of analogue 

films for the detection allow the main advantage of a higher lateral resolution in the range of 

2 μm related to the grain size in X-ray films, but these have been gradually replaced by 

pixelated detectors. Although, the lateral resolution obtained with commercial digital 
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detectors is several tens of μm due to the pixel size, their higher sensitivity requires shorter 

exposures and it results in a lower dose of radiation absorbed by the investigated object. In 

addition, digital radiography requires no time consuming processing of films and directly 

provides digital data for advanced image processing. Conventionally XRR technique is 

operated in full-field mode, but also XRR scan is possible using small beam instead a broad 

X-ray beam.  

Although, the technique is suitable to investigate large numbers of painted surface, because 

a single radiography can be taken in a time of minutes it has a number of important 

limitations. In contrast to MA-XRF technique, XRR is not able to discriminate the chemical 

nature of the elements, because the X-ray absorbance observed is an integration over all the 

absorbance of the specific elements. Contributions to the radiographic contrast map from 

(small quantities of) weakly absorbing elements (with low atomic number or without metals 

in their formulae) may frequently be obscured by those of heavier elements that are present 

in higher concentrations. Thus, the absorption contrast in XRR images is mostly caused by 

the heavy metal paint components limiting the readability of hidden compositions. In 

general, the pigments that are most likely to block X-rays are those made of lead as lead 

white (lead Z=82), chrome yellow (lead chromate), Naples yellow (lead antimonate) and 

minium (lead oxide). The pigments with weaker absorption power are zinc white (zinc 

Z=30), cadmium yellow (cadmium Z=48) and emerald green (arsenic Z=33). Also, very 

weak absorbers include lime white (calcium Z=20), umber (manganese Z=Mn, iron Z=26), 

cobalt blue (cobalt Z=27), red/yellow ochre (iron Z=26), Prussian blue (iron Z=26) and the 

worst absorbers are the organic pigments based on carbon (Z=6): carbon black and carmine 

lake.  

For the same reason the contributions of support and ground layers can make the radiographs 

difficult to read, so that different approaches to reduce their influence have been developed. 

In several cases, acquisition of X-radiographs of the same area using different operating 

conditions for the X-ray source and varying the exposure time can be a useful method for 

providing different features of the structure to be highlighted in the resultant images. Many 

of the techniques developed to make X-radiographs more readable have made use of moving 

X-ray sources or paintings [111].  

This approach consists in developing a simple form of tomography, named strato-

radiography or strati-radiography [112, 113].Methods have also been developed to 

minimise the tonal differences between the different regions in an X-ray plate during the 

printing process. Radiographs produced by this method are often named logetronic 

radiographs. The technique relies on exposing different parts of the X-ray plate to different 

amounts of light during printing, either by using masks, or by using a cathode ray tube, 

whose output at a given point in its raster scan can be varied. Another method of minimising 

the tonal differences created by structures such as cradles is to expose the X-ray plate with 

the interstices between cradle members filled with a material that has a similar X-ray 

absorbency to the surrounding wood [114].   

Moreover, the influence of the support can be nearly removed by performing electron 

emission based on the positioning the film directly on the paint layers [115, 114]. Both are 

exposed to the X-rays, which pass through the film before reaching the painting. The X-ray 

tube is operated at a high voltage (several hundred kV) with a suitable filter absorbing the 
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lower energetic part of the tube spectrum. The photoelectrons emitted by the surface layers 

of the painting darken the film, while the high energy X-rays pass through it without 

interaction. Given the strong absorbance of electrons in paint layers the images obtained are 

dominated by surface paint layers with covered layers making only minor contribution. 

On the other hand XRR allows for a study of the support of paintings [116, 117], in contrast 

to the MA-XRF that does not result in information deeper than a few tens of micrometres 

from the sample surface due to the self-absorption effect. In this way, paintings made on 

canvas from the same loom can so be identified [118, 119].  

In the conventional XRR, the detector has basically no energy discrimination only some 

influence can be exercised on the absorption process by varying the voltage of the X-ray 

tube. However an alternative is to perform Energy resolved radiography (ED-XRR) that 

generates pixelated images because energy dispersive detectors are employed to collect the 

images. Thus, ED-XRR may be developed by using a monochromatic X-ray beam (SR 

radiation) in combination with a detector without energy discrimination [120, 121]. 

The dichromography or K-edge imaging is a radiographic method that employs 

monochromatic X-rays of different energies that allows to obtain elemental distribution 

image by subtracting images acquired with energies above and below the absorption edge of 

an element. Also, ED-XRR may be performed by employing polychromatic beam in 

combination with an energy dispersive X-ray detector [122]. In several research groups 

Zemlicka et al. [123], Scharf and al. [124, 125], F.P.Romano et al. [126] , Color X-ray 

Cameras, conventional CCD detectors and Timepix detectors supported by proper 

processing procedure of the experimental data are employed for creating images in given 

energy intervals which enable identification and separation of elements. 

 

1.3.4 Neutron Activation Auto-Radiography (NAAR) 
 

The purposes of the neutron activation method are almost the same as those of X-rays 

analyses. Namely, the main end is to reveal details of composition hidden by the top layers 

of the painting under investigation. In the same way of X-rays, neutrons penetrate through 

material and become absorbed differently by different elements [127-129].  

Neutron Activation Auto-Radiography (NAAR) technique was developed by Sayre and 

Lechtman [130, 131] and it is based on the transient radioactivity induced in the sample by 

exposing it to the low-energy thermal or cold neutrons for a period adequate to generate the 

desired level of internal radioactivity.  

The flux of incident neutrons, when absorbed by certain atomic nuclei in the irradiated 

material, transforms the nuclei into radioactive isotopes, In this way, the sample is activated 

and placed in contact with a photographic medium, photographic film or image plates, which 

becomes darkened by the radioactive decay, as sketched in Figure 7. This resulting radiation 

may include alpha particles, beta particles and gamma radiation [132].  

The presence of different activated radioisotope with different half-lives allows to acquire 

the different elemental distributions by changing the photographic medium in appropriate 

time windows. Similar to the X-ray fluorescence spectroscopy, the study of gamma radiation 

energies allows for distinguishing the elemental composition of the pigments because of 

direct correlation between the energies of the gamma-ray photons and the atomic number. 
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The image produced on a photographic film by β-particles emitted by the activated painting 

provides an image of pigment distribution. The darkening of the photographic medium 

indicates the greater abundance of an element.  

 

 

 
Figure 7: NAAR experimental setup. 

 

 

The contrast obtained is dependent on the exposure time of the photographic medium, which 

cannot be extended indefinitely to avoid overlap with slower decaying isotopes and 

overexposure in areas of high concentration. The lateral resolution of NAAR images is 

dependent on the grain size and thickness of the film employed and the distance between 

film and paint surface. Finally, the energy of the emitted β-radiation influences the lateral 

resolution, as it determines the absorption in the photographic medium.  

Unlike X-rays, neutrons are better absorbed by light elements, which allows for the detection 

of phosphorus- (present in bone/ivory black-carbon), carbon- (carbon-based black pigments 

containing a mixture of Ca3(PO4)2, CaCO3 and C), also hydrogen- and nitrogen-containing 

substances surrounded by heavy elements.  

NAAR represents a very suitable tool for the visualization of elements such as manganese 

(present mainly in oxidized form in the earth pigment umber), copper (present in copper-

based greens and blues) and mercury (present in vermilion) due to their susceptibility to 

activation. Differently, lead (present mainly in lead white) and iron (present in a broad range 

of pigments, among them earth pigments and Prussian blue) are not transformed into 

radioactive equivalents and cannot be imaged by this method. Neutron activation is also 

applied for detection of trace elements in artistic materials, which helps in determining 

pigment origin [133].Among the main drawbacks of NAAR analysis, there is that of 

requiring the transport of the painting to the place where the research reactor is installed. 

Furthermore, after activation the painting needs to stay for several weeks at the reactor 

facility to acquire the autoradiographs and, from a safety point of view let, needs that the 
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transient radioactivity decreases below the legal limits. Consequently, due to the 

considerable financial and logistical effort of transporting the painting and prolonged 

absence from the exposition to the public, the number of paintings studied by NAAR is 

subjected to restrictions.



 

 
 

Chapter 2 

X-ray Fluorescence 

spectroscopy 
 

X-ray Fluorescence Spectroscopy (XRF) is an analytical method based on the atoms 

excitation by means a primary X-rays source and their consequently de-excitation 

accomplished by the characteristic X-rays emission. An energy-dispersive detector records 

the X-rays emitted from the material and the collected characteristic spectral lines reveal the 

chemical nature of the sample without destructive analysis. 

 

 

2.1 Basic Interaction between photons and atoms 
 

2.1.1 Mass attenuation and linear attenuation coefficient 
 

X-rays are electromagnetic radiation with a wavelength ranged between 0.01 and 10 nm, 

corresponding to an energy range between 0.1 and 100 keV [134, 135]. A peculiar property 

of X-rays is their penetrating character. This aspect is correlated to their energy: high energy 

photons penetrate the materials more deeply that low energy X-rays. Otherwise, this property 

can be treated in terms of X-rays attenuation in the matter [136-139]. A material (or an 

absorber) with thickness 𝑥 and density 𝜌 reduces the incoming photon count 𝑁0 to: 

 

𝑁(𝑥) = 𝑁0 𝑒𝑥𝑝( −µ𝜌𝑥) = 𝑁0 𝑒𝑥𝑝( −µ𝑙𝑖𝑛𝑥) 1 

 

where µ (cm2/g) is the mass attenuation coefficient and µ𝑙𝑖𝑛 (1/cm) = µ𝜌 is the linear mass 

attenuation coefficient. 
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The mass attenuation coefficient can be expressed as µ =  (
𝑁𝐴

𝐴⁄  ) µ𝐴𝑡𝑜𝑚 with 𝑁𝐴 the 

Avogadro constant* and 𝐴 the atomic mass. The fraction of incoming photons (dN) absorbed 

in the material is just: 

 

dN = µ𝜌𝑥 2 

 

Real materials, such as chemical compounds, alloys, or (homogenized) mixtures consist of 

several elements. If the mass fractions (concentrations) 𝐶𝑗 of the components are known for 

each 𝑗-element (∑ 𝐶𝑗 = 1𝑗 ), then the mass attenuation coefficient of the composed material 

corresponds to the weighted sum of the individual mass attenuation coefficients, µ𝑗, with 

weight fractions as weight factors: 

 

µ = ∑ 𝐶𝑗µ𝑗

𝑗

 
3 

 

 

Only some of the incoming photons are absorbed in the material from the j-element; this 

fraction is given by the concentration of the element multiplied by the ratio between the mass 

absorption coefficient of j-element and that of the material 𝐶𝑗 (
µ𝑗

µ
). Therefore, the absorption 

by the j-element in the volume under consideration is given from the equation 3 by [140, 

141, 134]: 

 

[𝐶𝑗 (
µ𝑗

µ
)] (µ𝜌𝑑𝑥) = 𝐶𝑗 µ𝑗𝜌𝑑𝑥 4 

 

The incoming photons number available to produce fluorescence is found by multiplying the 

equation 4 times the equation 2: 

 

𝑑𝑁 = 𝑁0(𝐶𝑗 µ𝑗𝜌 𝑑𝑥) 𝑒𝑥𝑝( −µ𝜌𝑥) 5 

 

The mass attenuation coefficient takes in account the processes that occur in the interaction 

of a photon with matter in the X-rays energetic domain. In particular, for the X-rays energy 

range used in this work µ is expressed as: 

 

µ =  𝜏 +  µ𝑐𝑜ℎ +  µ𝑖𝑛𝑐𝑜ℎ 6 

                                                 
*NA=6.0221367×10+23 mol-1 
 
   
     
       
 



Chapter 2. Basic Interaction between photons and atoms 

 

 where 𝜏 is the photoelectric absorption coefficient, µ𝑐𝑜ℎ and µ𝑖𝑛𝑐𝑜ℎ the coherent and 

incoherent mass scattering coefficient [142, 143, 134]. 

 

2.1.2 Atomic cross-section 
 

The theoretical value of µ is defined with the total cross section per atom, 𝜎𝑎𝑡𝑜𝑚, that is 

related to µ according:  

 

µ =
𝑁𝐴

𝑢𝐴
𝜎𝑎𝑡𝑜𝑚 =

𝑁𝐴

𝑢𝐴
(𝜎𝑝𝑒 +  𝜎𝑐𝑜ℎ + 𝜎𝑖𝑛𝑐𝑜ℎ) 

7 

 

In this equation, 𝑁𝐴 is Avogadro's number, 𝑢 is the atomic mass unit (1/12 of the mass of an 

atom of nuclide 12C), 𝐴 is the relative atomic mass of the target element [144, 145, 134]. 

Total cross section 𝜎𝑡𝑜𝑡 can be written as the sum over contributions from the principal 

photon interactions. In Table 2 are reported the elementary interactions between X-ray 

photons and atoms and their relative dependence from the atomic number (𝑍). Furthermore, 

Figure 8 shows the values of cross-section and the mass absorption coefficient as function 

of photon energies for a lead pure target. Photoelectric absorption and scattering processes 

will be discussed in detail in the following Section 2.1.3. 

 

 
 

Figure 8: cross section and mass absorption coefficient for incident photons between 1 

keV and 100 keV on a lead (Pb) target [146, 147]. 
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Table 2: Classication of elementary photon interactions [148]. 

 

2.1.3 Photo-absorption process 
 

The term "interaction" is often not clearly distinguished from that of "absorption". The 

interaction includes all events in which a photon can participate, while with the term 

absorption a transfer of energy from a photon to an atom is described. In the photons 

interaction with matter, the Photo-effect and Compton effect (incoherent scattering) transfer 

energy, contrary to the coherent scattering. Absorbed energy generates not only the creation 

of fluorescent radiation (by photo-absorption), but also it changes the chemical nature of 

absorbing atoms. Usually the concept of attenuation coefficient, discussed above, is related 

to unspecified interactions (photo-absorption, Compton- and coherent scattering in the 

analytical range of X-rays), while absorption coefficient is referred specifically to photo-

absorption [149, 134]. 

 

2.1.4 Excitation and de-excitation of an atom 
 

Photo-absorption process consists in the absorption of an incoming photon from an inner 

electron of an atom. The photon energy is transferred to the core electron and consequentially 

its ejection is observed. The atom is left in its exited state from the ejected electron and 

electrons from outer shells fill the generated hole (or vacancy) producing a fluorescence 

photon or inducing Auger and Coster-Kroning transition. This is a cascade process and it 

continues until all allowed transitions are exhausted. Finally, a free electron fills the 

remaining vacancy in an outer shell. The kinetic energy carried by the ejected (photo-) 

electron is given by the following equation [134]: 

 

𝐸𝑘𝑖𝑛 = ℎ𝜈 −  𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 8 

 

where 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 is the binding energy of the electron, ℎ is the Planck constant† and ν is the 

frequency of incoming photon. From equation 8 it can be seen that for ejecting a bound 

electron from an atom, the energy of incoming photon must be higher than the binding 

energy of electron (i.e., photon energies just above an absorption edge are most effectively 

                                                 
†h=6.6260755x10-34 J·s =4.1356692x10-15 eV· s 
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absorbed by that shell) and that the photon energy is absorbed completely. Fluorescence 

photon has an energy corresponding to the energy difference of the involved shells in the 

atomic transition. The transitions are governed by quantum-mechanical selection rules. 

Within the regime of X-rays, fluorescence radiation is observed only from those transitions 

with reasonable intensity (probability) where: 

 

𝛥𝑗 =  −1, +1, 0 𝑎𝑛𝑑  𝛥𝑙 =  −1, +1 9 

 

(𝑙 and 𝑗 are the quantum numbers with the usual meaning). For example, if the K-shell is 

ionized, the most probable electron transition into the K-hole is K ← L3. Also possible, 

however with lower probability, are K ← L2, and K ← M3, etc. The vacancy in L3 after a 

K ← L3 transition can be filled by L3 ← M5 or L3 ← M4 and so forth.  

Additionally, the K ← L1 and L1 ← M1 are forbidden transitions. Any of these transitions 

allows the emission of a photon or an Auger electron, this kind of emission will be discussed 

later. 

The probability that a K-shell electron will be ejected rather than an L- or M-shell electron, 

is give by the “absorption jump ratio” (JK) [137]: 

𝐽𝐾 = (𝑟𝐾 − 1)/𝑟𝐾 10 

Where 𝑟𝐾 is the K-shell absorption jump defined as the ratio of the mass absorption 

coefficients at the K absorption edge. These jump ratios have been measured and some of 

them are shown in Table 3  

 

Element 
Atomic 
Number 

JK 

Ti 22 0.888 

V 23 0.885 

Cr 24 0.882 

Mn 25 0.880 

Fe 26 0.877 

Co 27 0.874 

Ni 28 0.872 

Cu 29 0.869 

Zn 30 0.867 

Mo 42 0.842 

Table 3: Some K-shell absorption jump ratios [137]. 

The detection of fluorescence photons is based on their attribution to the specific atoms that 

compose the sample. A mathematical relationship exists between the energy of the 

characteristic X-radiation and the atomic number of the emitting atom, which is called 

Moseley’s law [150, 134]    
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𝐸𝐾 = 𝑎(𝑍 − 𝑏)2 11 

 where 𝑍 is the atomic number of the atom, 𝐸𝐾 is the energy of the K-shell, and 𝑎 and 𝑏 are 

constants. The detected fluorescence lines appear broadened in the X-ray spectrum due to 

detection efficiency. In the Section 2.6.1 spectrum artifacts will be illustrated in detail. 

 

In X-ray spectroscopy, the emitted fluorescence lines are differentiated by a specific 

nomenclature based on two different notations: IUPAC and Siegbahn [151, 152].  

The IUPAC notation (i.e. K-L3) is referred to the atomic shells involved in the fluorescence 

emission phenomenon, while the Siegbahn (i.e. Kα1) was developed historically and 

according the intensity. Table 4 reports the two notations; if the atomic de-excitation occurs 

from M4 shell to L3 shell, the transition will be identified as M4-L3 in the IUPAC notation 

and Lα2 in the Siegbahn notation. In this thesis work the second notation will be used. 

 

 
Table 4: Nomenclature of X-ray lines. IUPAC (i.e. K-L3) and Siegbahn (i.e. Kα1) notation 

[151, 152]. 

 

The probability that Kα1 radiation will be emitted rather than that of another K line is called 

transition probability g Kα1 and is given by:  

 

 gKα1  =  [I(Kα1)/ I(Kα2)] / {[I(Kα1)/ I(Kα2)] + 1} 

 

12 

Some values for the Kα1/Kα2 intensity ratio are given in Table 5 [137] 

 
 

Element 
Atomic 
Number 

Kα1/Kα2 

Ti 22 7.52 

Cr 24 7.52 

Fe 26 7.46 

Ni 28 7.41 

Zn 30 7.41 

Mo 42 5.18 

Table 5: Some measured relative intensities [137]. 
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2.1.5 Auger emission and Coster-Kroning transition 
 

The relaxation of an excited state by an electron transition is not necessarily associated with 

the emission of a photon. In a complex quantum-mechanical process, the fluorescence X-ray 

photon either can leave the sample unperturbed, or can interact with a higher-shell electron 

of the atom. When a fluorescence X-ray photon ejects another electron of the same atom it 

originated from, the ejected electron is called an Auger electron [153, 134]. This is a 

radiationless relaxation. All the energy of the fluorescence photon is transferred to the Auger 

electron, which leaves the atom with a kinetic energy of: 

 

𝐸𝑘𝑖𝑛 = 𝐸𝐸𝑥𝑖𝑡𝑒𝑑𝑆𝑡𝑎𝑡𝑒 − 𝐸𝐺𝑟𝑜𝑢𝑛𝑑𝑆𝑡𝑎𝑡𝑒 − 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 13 

 

In the Auger emission, three electrons are involved: the first is the photoelectron, which is 

emitted when the photon is absorbed. In the subsequent relaxation process, an outer electron 

fills the vacancy and appears to release the energy 𝐸𝐸𝑥𝑖𝑡𝑒𝑑𝑆𝑡𝑎𝑡𝑒 −  𝐸𝐺𝑟𝑜𝑢𝑛𝑑𝑆𝑡𝑎𝑡𝑒   transferring 

it to a third electron, which is bound to the atom by 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔. However, quantum-theoretical 

models treat the relaxation and emission of the Auger-electron as a single process. Auger 

electron emission and fluorescence photon emission are competing processes. The 

probability that it occurs the first process or the other one is given by: 

 

1 = 𝑝𝐴𝑢𝑔𝑒𝑟 +  𝜔 14 

 

Where 𝜔 is the fluorescence photon yield [154, 155, 137] . Both the probabilities are function 

of atomic number (𝑍) and the (sub-)shells. In particular, the fluorescence yield for the K-

shell vacancies is given by: 

 

𝜔𝐾 =
∑ 𝑛𝐾

𝑛
𝑖=1

𝑁𝐾
 

15 

 

where 𝑛𝐾  is the number of the electrons de-excited from the different L-, M-, N-, etc. shells 

to the K-shell per unit time, while 𝑁𝐾  is the number of K-shell vacancies created per unit 

time. Fluorescence yield can be defined in a similar way for the other shells as well, and the 

L-shell (and higher shells) yield is much lower than 𝜔𝐾. Fluorescence yields have been 

determined both experimentally and theoretically, some K fluorescence yields are shown in 

Table 6 [137]: 
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Element 
Atomic 
Number 

𝛚𝐊 

Ti 22 0.219 

V 23 0.250 

Cr 24 0.282 

Mn 25 0.314 

Fe 26 0.347 

Co 27 0.381 

Ni 28 0.414 

Cu 29 0.445 

Zn 30 0.479 

Mo 42 0.765 

Table 6: Some K fluorescence yields [137]. 

 

 

The Auger-probability dominates significantly over the emission of fluorescent radiation at 

light elements. For example, 𝜔𝐾 ≈ 1.4 × 10−3 for Carbon and 𝜔𝐾 ≈ 7 × 10−4 for Beryllium. 

The poor photon count rates resulting from such low fluorescent yields are among the main 

reasons for the difficulties arising in light element analysis by XRF. 

Another radiationless transition possible is the Coster-Kröning transition [153, 134]. It is an 

inner-shell transition, that takes place within the L- and M-, and higher sub-shells. For 

instance, an electron from an L3-shell fills an electron hole on the L2-shell after L2-

ionization or KL2 relaxation. It differs from the Auger-effect only by its confinement to a 

set of subshells. The (small) excessive energy is transferred to an outer shell electron or the 

environment of the atom. The fact that Coster–Kronig transitions effectively move vacancies 

into outer subshells has a considerable effect on the intensities of the corresponding emission 

lines, which are proportional to the number of vacancies. In Figure 9 a schematic overview 

of all photoelectric interactions is shown [134]: 

 

 

 
Figure 9: photoelectron interactions diagram. 
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The sum of fluorescence yield, 𝜔, Auger yield, 𝑝𝐴𝑢𝑔𝑒𝑟, and Coster-Kronig yield, 𝑝𝐶𝐾, 

modify the previous equation 14 in the following [156, 153, 157]: 

 

1 = 𝑝𝐴𝑢𝑔𝑒𝑟 + 𝑝𝐶𝐾 +  𝜔 16 

 

In Figure 10 is shown the fluorescence, Auger electron yields and Coster-Kronig yield as a 

function of atomic number for K-, L1-, L2- or L3- shell vacancies. It can be seen from plot 

in the upper right plot, for the K-shell vacancies, that Auger transitions are more probable 

for lighter elements; while X-ray yield becomes dominant at higher atomic numbers.  

 

 

 
 

Figure 10: florescence yields, Auger electrons and Coster-Kronig after the K-, L1-, L2- or 

L3-photoelectric effect [158]. 

 

In conclusion, the contribution to the number of the primary fluorescence photons dN (x) of 

j-element is given by the product of the above factors in equations 4, 9, 11, and 14. After 

integration,the result is:  
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𝑁𝑖 = {
[(𝑁0 𝐶𝑗µ𝑗𝐽𝐾𝑔𝐾𝑎𝜔𝐾) (

𝛺
4𝜋)]

(µ +  µ𝐸𝑖
)

} {1 − 𝑒𝑥𝑝[−𝜌ℎ(µ +  µ𝐸𝑖
)]} 

17 

 

 

In the equation 17, (
𝛺

4𝜋
) is the fluorescence photons fraction that enters the detector, ℎ is the 

sample thickness, and exp(−µ𝐸𝑖
𝜌𝑥) is the fraction of the fluorescent radiation (𝐸i) 

transmitted through the path length 𝑥 to the detector. 

 

2.1.6 Scattering processes 
 

Other two kinds of interactions occur between photons and atoms: 

i. Incoherent (inelastic) or Compton scattering; where the change of propagation 

direction of photon is accompanied with an increasing of wavelength and change of 

phase. 

ii. coherent (elastic) or Rayleigh scattering; that is not affected by phase and energy 

change. 

 

Figure 11 shows Compton and Rayleigh cross section plotted as functions of atomic number 

and photon energy. The probability for Compton scattering increases with increasing photon 

energy and decreases with the atomic number. Rayleigh scattering decreases with increasing 

energy and increases with atomic number. 

 

 

 

Figure 11: cross section for Compton and Rayleigh scattering as function of energy of 

incident photons and atomic number of the atomic target [159]. 

 

2.1.7 Compton scattering 
 

Compton scattering consists in a photon, that in its collision with an electron, loses some of 

its energy, it is deflected from its original direction of travel, as is drawn in Figure 12.  
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The theory that well describe the Compton scattering is that of Klein and Nishina, where in 

first approximation, the electron is assumed to be initially free and at rest. This scenario 

configures electrons in the outer shells of atoms and high incident photons. The weak binding 

of the electrons to the atom may be neglected, because the momentum transferred to the 

electron greatly exceeds the momentum of the electron in the bound state. 

 

 

Figure 12: Compton scattering in the assumption of free electron at rest [148]. 

 

The relation between photon deflection and energy loss for Compton scattering is 

determined from the conservation of momentum and energy between the photon and the 

recoiling electron. This relation can be expressed as: 

 

ℎ𝜈 =
ℎ𝜈0

1 + (
ℎ𝜈0

𝑚𝑒𝑐2) (1 − 𝑐𝑜𝑠𝜃)
 

18 

𝛥𝐸 = ℎ𝜈0 − ℎ𝜈 =  𝑚𝑒𝑐2   
2(ℎ𝜈0)2𝑐𝑜𝑠2𝛷

(ℎ𝜈0 + 𝑚𝑒𝑐2)2 − (ℎ𝜈0)2𝑐𝑜𝑠2𝛷
 

19 

𝑡𝑎𝑛𝛷 =
1

1 + (
ℎ𝜈0

𝑚𝑒𝑐2)
cot

𝜃

2
 

20 

 

where ℎ𝜈0 is the energy of incident photon, ℎν is the energy of scattered photon, 𝐸 is the 

energy of recoil electron, 𝑚𝑒is the rest mass of an electron, and 𝑐 is the speed of light. 

The intensity of the scattered radiation is inversely proportional to the mass attenuation 

coefficient µ𝑠of the specimen:  

 

𝐼𝑠(𝜆𝑠)~
1

𝜇𝑠(𝜆𝑠)
 

21 
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In this work, and in general in the X-ray spectroscopy based on unpolarized beam, the Klein 

and Nishina angular distribution function per steradian of solid angle (cm2 sr-1 electron-1) is 

given by [148, 160]: 

 

 

𝑑𝜎𝑐
𝐾𝑁

𝑑𝛺
(𝜃) = 𝑟0

2 1+𝑐𝑜𝑠2𝜃

2

1

[1+ℎ𝜈(1−𝑐𝑜𝑠𝜃)]2 
× 

×{1 +
[1+ℎ𝜈(1−𝑐𝑜𝑠𝜃)]2 

(1+𝑐𝑜𝑠2𝜃) [1+ℎ𝜈(1−𝑐𝑜𝑠𝜃)]
} =

1

2
𝑟0

2  (
𝑘

𝑘0
)

2

(
𝑘

𝑘0
+

𝑘0

𝑘0
− 𝑠𝑖𝑛2𝜃) 

22 

 

where 𝑘0 =  
ℎ𝜈0

𝑚𝑒𝑐2   𝑘 =  
ℎ𝜈

𝑚𝑒𝑐2 23 

where 𝑟0 is the classical electron radius. The integration of the equation 22 over all angles 

gives the total Klein and Nishina cross section (cm2 electron-1): 

 

𝜎𝑐
𝐾𝑁 = 2𝜋𝑟0

2 {
1 + 𝑘

𝑘2
[
2(1 + 𝑘)

1 + 2𝑘
−

ln (1 + 2𝑘)

𝑘
] +

ln(1 + 2𝑘)

2𝑘
−

1 + 3𝑘

(1 + 2𝑘)2
} 

24 

 

 

2.1.8 Electron binding and Doppler correction 
 

The energy range of X-rays involved in this work is between 1 and 40 keV. In this energy 

range and in particular for low-Z material, the assumption that the atomic electrons are free 

and at rest is not a good approximation. Binding correction treated by Waller-Hatree theory 

takes in account not only of the K-shell, but all of the atomic electrons. Electron binding 

correction is formalized as a multiplicative function called incoherent scattering 𝑆(𝑞, 𝑍) to 

the differential Klein and Nishina formula (equation 22) [161]: 

 

𝑑𝜎𝑐
𝐵𝐷

𝑑𝛺
(𝜃) = 𝑆(𝑞, 𝑍)

𝑑𝜎𝑐
𝐾𝑁

𝑑𝛺
(𝜃) 

25 

 

Figure 13 shows the ratios of 𝜎𝑐
𝐵𝐷 C to 𝜎𝑐

𝐾𝑁 for photon energies of 1, 10, and 100 keV 
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Figure 13: ratio of the bound-electron Compton scattering cross section 𝜎𝑐
𝐵𝐷and that for 

free electrons evaluated from the Klein-Nishina formula 𝜎𝑐
𝐾𝑁 [162]. 

 

In the energy region where the binding correction is necessary, the motion of the atomic 

electrons around the atomic nucleus generates a Doppler broadening, resulting in a 

corresponding broadening of the Compton “modified line" for a given deflection angle of 

the outgoing scattered photon. Additionally, in the XRF technique, the angle 𝜃 is not a 

discrete, but a scattering over a small series of angles is measured. The broadening of the 

Compton peak is given by [163, 164, 148]: 

 

4𝛽𝜆 sin (
𝜃

2
) 

26 

 

where β =
𝑣

𝑐
 for electrons moving in random directions with the velocity 𝑣. 

 

2.1.9 Rayleigh Scattering 
 

Rayleigh scattering is a process where photons are scattered by bound atomic electrons and 

in which the atom is neither ionized nor excited. The scattering from different parts of the 

atomic charge distribution is thus “coherent," i.e., there are interference effects. This process 

occurs mostly at low energies and for high-Z material, in the same region where electron 

binding effects interference the Compton-scattering cross section. Through the “atomic form 

factor”, 𝐹(𝑞, 𝑍), from the Thomas-Fermi and Hartree theory of model of the atom, it is 

possible to consider the charge distribution of the all atomic electrons at once [148]. The 

form factor squared represents the probability that the 𝑍 electrons of an atom take up the 

recoil momentum, 𝑞, without absorbing any energy. In this process 𝑞 is well-represented by 

the following equation, since it is assumed that 𝑘0 − 𝑘 = 0: 
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𝑞 = 2𝑘 𝑠𝑖𝑛 (
𝜃

2
) 

27 

 

The differential Rayleigh scattering cross section (cm2 sr-1 atom-1) for unpolarized photons 

is: 

 

𝑑𝜎𝑅

𝑑𝛺
(𝜃) =

𝑟0
2

2
(1 + 𝑐𝑜𝑠2𝜃)[𝐹(𝑞, 𝑍)]2 

28 

 

During XRF measurements is advantageous to minimize the Compton and Rayleigh 

scattering intensities, as this will reduce the risk of overloading the detector with X-ray 

photons that hold no element specific information. This can be done, according to above 

equations, by placing the detector under an angle of 90-degree respect to the source. 

 

 

2.2 Direct and Indirect Excitation 
 

2.2.1 Fluorescent radiation excited by polychromatic sources on a 

bulk material 
 

Direct or primary excitation is defined as the primary fluorescent radiation emitted from 

atoms of a sample when they are exited by primary photons from an external source [165]. 

This can be an X-ray tube, a radioactive source, a synchrotron radiation [166], and charged 

particles. In this work the main sources employed will be the X-ray tubes, that produce 

polychromatic radiation. The fluorescent radiation excited by a polychromatic source on a 

bulk material‡ is given from the sum of photons excited by all primary photons of energies 

within 𝐸𝑒𝑑𝑔𝑒,𝑖 and 𝐸𝑚𝑎𝑥. In particular 𝐸𝑚𝑎𝑥 is the maximum photon energy in the spectrum 

(𝐸𝑚𝑎𝑥 = 𝑒𝑈 for X-ray tubes with operating voltage 𝑈) and 𝐸𝑒𝑑𝑔𝑒,𝑖 is the absorption edge 

energy of the analyte line of the element 𝑖 [134]. 

The primary fluorescent radiation excited by a polychromatic source can be expressed as 

following: 

 

𝑁𝑖,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 = 𝐺𝑖 𝐶𝑖 ∫
𝜏𝑖 𝑁0(𝐸)𝑑𝐸

µ∗

𝐸𝑚𝑎𝑥

𝐸𝑒𝑑𝑔𝑒,𝑖 

 
29 

 

with 𝑁0(𝐸) the spectral distribution function, µ∗ is the total effective mass absorption 

coefficient for the specimen, 𝐶𝑖 is the concentration (weight fraction) of analyte 𝑖 and 𝐺𝑖 is 

the number of 𝑖 -photons (analyte line) emitted after absorption of a primary (tube) photon 

in element 𝑖. In the particular case in which the polychromatic radiation is generated by an 

X-ray tube the integral over 𝐸 is practically solved by approximating it by a sum: 

                                                 
‡ Bulk material is defined as a material in which thickness 𝑇 →  ∞ and mass per area �̂� →  ∞ 



Chapter 2. Refraction and reflection of X-rays 

 

𝑁𝑖,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 ≈ 𝐺𝑖 𝐶𝑖 ∑
𝜏𝑖 𝑁0(𝐸)𝛥𝐸

µ∗

𝐸𝑚𝑎𝑥

𝐸𝑒𝑑𝑔𝑒,𝑖 
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It is important specify that in the spectral distribution function 𝑁0(𝐸) contains the continuous 

radiation as well as characteristic tube lines [134]. 

 

2.2.2 Fluorescent radiation excited by polychromatic sources on a 

thin film 
 

In cases of excitation of very thin layers, can be applied the approximation 1 −

exp(−µ∗�̂�) ≈ µ∗�̂�  with �̂� its mass per area, and correspondingly 1 − exp(−µ∗𝜌𝑇) ≈

µ∗𝜌𝑇  with 𝑇 the thickness (of thin layers). The previous equation 30 becomes [134]: 

 

𝑁𝑖,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 ≈ 𝐺𝑖 𝐶𝑖 ∑ 𝜏𝑖,𝐸 𝜌𝑇𝑁0(𝐸)𝛥𝐸

𝐸𝑚𝑎𝑥

𝐸𝑒𝑑𝑔𝑒,𝑖 
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2.2.3 Indirect Excitation 
 

The indirect excitation is defined as a variety of excitation mechanisms that can occur within 

a sample: fluorescent photons, scattered photons, or particles (photo-electrons, Auger-

electrons), these are generated by interaction of primary photons with atoms of the specimen. 

As mentioned above when the primary fluorescent radiation has sufficient energy to excite 

fluorescent radiation of other atoms in the specimen, the interaction is called secondary 

excitation and the emitted photons are secondary fluorescent photons. In the same way 

secondary fluorescent photons can excite tertiary fluorescent photons. Higher levels 

interactions are possible but negligible. Mathematical models for secondary and tertiary 

excitation are taken in account in available software based on Fundamental Parameters 

theory (FP) developed for XRF Data Analysis. In this paragraph a detailed mathematical 

treatment concerning secondary and tertiary fluorescence radiation will be omitted [134]. 

 

 

2.3 Refraction and reflection of X-rays 
 

The macroscopic interactions of X-rays and matter can be described by the refraction index 

with a real part smaller than 1 [134]: 

 

𝑛 = 1 − 𝛿 + 𝑖𝛽 = 1 −
𝑟

2𝜋
𝑁𝜆2 + 𝑖𝛽 

32 
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where 𝑁 is the number of electrons per cubic meter, 𝑟 is the classical electron radius, λ is the 

radiation wavelength and 𝛽 defines the absorption of radiation in the medium: 𝛽 =  λµ/2𝜋 

with µ linear absorption coefficient. Low reflection and refraction abilities of matter in the 

X-ray range (100 eV < E < 250 keV) is due to the small deviation of the refractive index 

from the value 1. On the other hand, the fact that the real part of a refraction index is smaller 

than 1 means that the optical density of any substance in the X-ray range is smaller than that 

of vacuum and the phenomenon of total external reflection can take place at grazing angles 

of incidence. Equation 32 can be written in the following way, where refraction index 

dependence on the X-ray energy is highlighted [134]:  

 

𝑛 = 1 − 𝛿 + 𝑖𝛽 = 1 − 𝜎1𝐸−2 + 𝑖𝜎2𝐸−1 33 

Where 𝜎1 and 𝜎2 are constants. 

The application of the Snell’s law at the system, schematized in Figure 14, is: 

 

sin (Φ𝑟)

sin (Φ𝑖)
=

1

1 − 𝛿
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Figure 14: X-ray refraction scheme. 

 

 

The total reflection occurs when Φ𝑟 = 90° and the equation 34 becomes: 

 

sin(Φ𝑖) = cos(𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙) ≈ 1 −
𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

2

2
=  1 − 𝛿 

 

35 

 

𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 can be expressed as following: 

 

𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 ≈ (2𝛿)
1
2 ≈ 1.6√𝜌𝜆  ≈ 20 

√𝜌

𝐸
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In the equation 36 the relation 𝐸 = ℎ𝑐/𝜆 has been used. 

Equation 36 expresses the dependence of the critical angle for the total reflection from the 

density of reflecting material and from the incident energy of X-rays, this relation is plotted 
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in Figure 15 for a glass as reflecting material and in the energy range of X-rays used in this 

work [134]: 

 
Figure 15: critical angle of total external reflection on glass as function of the energy of 

photons [134]. 

 

The critical angle for borosilicate glass is approximately: 

 

𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 ≈
30 𝑘𝑒𝑉

𝐸
 𝑚𝑟𝑎𝑑 
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The reflection coefficient for an X-ray beam at an angle 𝜃 is given by the Fresnel formula: 

 

𝑅(𝜃)  =  
(𝜃 −  𝜃1)2  +  𝜃2

2

(𝜃 −  𝜃1)2 + 𝜃2
2  
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where 

𝜃1 = 2−1/2[((𝜃2 −  𝛼)2 + 𝛽2)1/2 + 𝜃2 − 𝛼]
1/2

 

𝜃2 = 2−1/2[((𝜃2 −  𝛼)2 + 𝛽2)1/2 − 𝜃2 + 𝛼]
1/2

 

 

being 𝛼1/2  =  𝜃𝑐𝑟  , while the imaginary part of the refraction index β describes absorption 

of radiation in substance 𝛽 =  𝜆µ/2𝜋 [134]. 

 

In Figure 16 is shown the reflection coefficient 𝑅(𝜃) as function of angle 𝜃 at different 

energies of the incident photons on a smooth glass surface. Reflection coefficient increases 

when 𝜃 approaches to 𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙, and it decreases rapidly to zero at 𝜃 > 𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙. Besides, the 

phenomenon of reflection is more efficiently with increasing the energy of X-rays [134]. 
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Figure 16: reflection coefficient as function of angle on a glass surface [134]. 

 

X-ray that is subjected to a single reflection grazing incidence angle changes its propagation 

direction, and this very small change does not exceed 2𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙. If the reflection is repeated 

𝑁 times, a beam can be reflected to a relatively large angle of the order of 2𝑁𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙. 

Multiple reflection at grazing angle incidence represents the main idea on which is based the 

technology of polycapillary optics in a manner analogous to the way fiber optics guide light. 

The potential for guiding X rays down single-capillary tubes by total reflection was noted in 

the 1950s [167, 168] and measured in the 1960s [169] and 70s [170-173]. In the 1990 the 

technology of optics was developed and start to be commercialized approximately ten years 

later [134]. The features of the X-ray optics will be described in detail in the following 

Section 2.4. 

 

 

2.4 Polycapillary Optics 
 

Polycapillary optics are widely used for all types of X-ray analyses aimed to enhance the 

performance of the XRF technique [174, 175]. In several cases, high intensities of the 

primary beam are needed for the detection of low concentration elements. Further, the use 

of optics allows to perform local analysis at high spatial resolution (e.g., below 100 μm) 

[176, 177]. Before their diffusion, high intensity beams were achieved by using powerful X-

ray tubes with a rotating anode and their collimation was based on the use of pinholes [178-

183]. However, pinholes exploit only small part of the primary beam intensity. X-ray 

focusing optics capture radiation emitted from a source within of a relatively large solid 

angle and concentrate it on a small spot [184]. The difficulty in the X-ray transmission is 

connected with their small reflectivity of all substances at large angles of incidence and their 

strong absorption in matter. X-ray optics guide and shape radiation. They are of different 

typology: monocapillaries, cylindrical, ellipsoidal or paraboloidal capillaries or 

polycapillaries, consisting of a monolithic system of a large number of hollow capillary 

channels, as shown in Figure 17 [185]. Usually, they are categorized trough the number of 
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internal reflections. A polycapillary is a multiple-bounce capillary consisting of a monolithic 

system of many bent hollow capillary channels. Their technology is based on the total 

external reflection of photons from the internal smooth surfaces. For incidence angles lower 

than critical angle the reflection coefficient reaches values near to 100 percent and the X-

radiation is guided with low losses through the optics. The critical angle depends mainly of 

the reflecting material and the X-ray photon energy. The basic material for X-ray capillaries 

is glass. The low roughness of reflective glass surfaces leads to a low portion of diffuse 

scattered X-rays, so an efficient transport of X-radiation through glass capillaries is realized. 

 

Figure 17: lens for X-rays [186]. 

 

 

2.4.1 Multiple reflections of photons 
 

A material able to do total external reflection for X-rays must guarantee that the incidence 

angle remains smaller than the critical angle and at the same time that multiple subsequent 

reflections are maintained. Polycapillary optics, composed of thousands hollow glass 

channels (monocapyllaries) bundled together guarantee that the second and all subsequent 

reflections occur automatically at incidence angles smaller than the critical angle (𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 ). 

The working principle of a polycapillary lens is schematized in Figure 18 [187, 134]: 

 

 
Figure 18: working principle of a polycapillary 
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2.4.2 Intensity gain 
 

The main benefits of polycapillary optics is to reduce the inverse-square dependence of X-

ray intensity with the distance between source and sample. This aspect is formalized in the 

intensity gain. It is defined from the comparison with a pinhole collimator instead of a 

capillary and can be estimated in the following formula, neglecting the intensity losses at 

reflections [134]: 

 

𝑔𝑎𝑖𝑛 ≈ (
2𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙𝐹2

𝑑
)

2

~𝑁𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠
2  

 

39 

 

The intensity gain expressed by equation 39 is given by the ratio between the angular 

aperture of capillary 2𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙over the angular aperture of the pinhole 𝑑/𝐹2, where 𝑑 is the 

pinhole (and capillary) diameter and 𝐹2 is the source-sample distance. Also, the gain is 

proportional to the number of the reflections occurred inside the capillary. Therefore, the 

gain is dependent on distance between lens and focus. 

 

2.4.3 Spot beam size 
 

The value of the spot beam shaped by a polycapillary can be estimated according to the 

following formula [134]: 

 

𝑠2 ≈ 𝑑 + (2𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙𝐹2) 
 

40 

with 𝐹2 is the capillary-sample distance, including in this way the divergence of the beam 

from the capillary end. The relative contribution of the second term becomes dominant for 

small capillary diameters (below 10 um ca) so that small capillary-sample distance is needed.  

The beam intensity gained with a polycapillary, in comparison with the micrometer 

collimator (pinhole) , is achieved at the expense of a certain increase of the beam divergence 

up to ∼ 2𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙. 

 

 

2.4.4 Bent polycapillary 
 

Polycapillary optics can operate in focusing and collimating modes by gently bending the 

capillaries to an appropriate curvature. They can be catalogued in [134]: 

 

i. full lens collects radiation from a spot source and focuses it,  

ii. half-lens focuses parallel radiation as well as collects radiation from a spot 

source and parallelizes it. 

In Figure 19 the both typologies are sketched. 
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Figure 19: full lens and half-lens [186]. 

 

 

Differently from straight capillaries, with the bent polycapillary the condition of the total 

external reflection is not automatically fulfilled for all incoming rays at the first reflection. 

From geometrical considerations, the rays of a quasi-parallel beam entering a capillary fall 

onto its inner wall at incidence angles smaller than the critical angle 𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 only if the 

following condition is fulfilled [134]: 

 

𝛾 ≡
𝑟𝜗𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

2

2𝑑
≥ 1 

41 

 

where 𝑟 is the radius of curvature and 𝑑 is the capillary diameter. Consequently, at γ < 1 the 

radiation is not totally captured by a bent capillary and its cross-section is partly filled with 

radiation, as is shown in Figure 20: 
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Figure 20: capture zone for a bent polycapillary [134]. 

 

 

Remember the energy dependence of 𝜗𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
2 ~𝐸−2, 𝛾 parameter decreases fast with the 

increase of the radiation energy. Consequently, the transmission (i.e. the ratio of the number 

of photons passing along the channels to the number incident on the front face of the optic) 

through a bent capillary becomes neglectable in the high-energy region. In order to 

compensate this effect, it is possible to use capillary with smaller channel diameter, typically 

between 2 and 50μm. In reference [187] MacDonald, C. A. et al. measured the transmission 

at the focal distance as a function of photon energy, the result is showed in Figure 21. 

 

 
Figure 21: transmission versus energy for a focusing optic [187]. 

 

 

2.4.5 Multiple reflections on a bent surface 
 

The value of reflection coefficient 𝑅(𝜃), introduced in the equation 38 in Section 2.3, can 

be approximated by the following expression for reflections to a large angle 𝜙 (𝜙 ≫

𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙) as a consequence of multiple reflections 𝑁~𝜙/2𝜗: 

 

𝑅𝜙 ≈ 𝑒𝑥𝑝{− 𝜙𝛽𝛿−3/2} 42 
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with 𝛿 ∝ 𝐸−2and 𝛽 ∝ 𝐸−1𝜇(𝐸) (see equation 32) the reflection coefficient can be rewritten 

as following: 

 

𝑅𝜙 ∝ 𝑒𝑥𝑝{− 𝜙𝐸2𝜇(𝐸)} 43 

𝑅𝜙does not depend on the incident angle and on the number of reflections, it contains only 

the material constants and the angle of reflection. The reflection coefficient, expressed as in 

formula 42, describes the intensity losses when an X-ray beam is reflected to a large angles. 

In the region of relatively small energies reflectivity 𝑅𝜙 depends strongly on the mirror 

material and on the photon energy due to the presence of absorption lines. The best reflectors 

are light elements, because their K-lines of absorption lie at still smaller energies, this 

explains the choice of glass for their manufacturing. Above K-lines of absorption, the 

reflectivity of all substances increases monotonically reaching its maximum and then begins 

to decrease. Therefore, every substance has its natural energy range where the reflectivity is 

maximal. The position of the reflectivity maximum moves towards higher energies with 

increasing Z, whereby its peak value decreases. In the energy range where the mass 

attenuation coefficient 𝜇(𝐸) is dominated by the photoelectric absorption, i.e. between 

absorption edges, the reflectivity decreases. For higher energies, the 𝐸2-term dominates and 

the reflectivity decreases [134].  

 

2.4.6 Coupling polycapillary optics to an X-ray tube 
 

In the development of an experimental setup, the choice of optical components depends 

strictly to the concrete application field, in terms of energy range, source size, source-sample 

distance, desired beam spot, etc. The geometrical features of a polycapillary are illustrated 

in Figure 22: 

 

 
Figure 22: geometric parameters of a focusing polycapillary [134]. 

 

𝐹1 is source-optics distance, i.e., the entrance focal distance, 𝐿 the length of the lens, 𝐹2 the 

optics–sample distance, i.e., the exit focal distance, r the radius of curvature of the single 

channel and Φ is the capture angle.  
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The radius of curvature R is related to the length of the lens L and to the capture angle Φ by 

following expression: 

 

𝑟 ≈
𝐿

𝛷
 

44 

 

 

where, from geometrical consideration Φ can be expressed as following: 

 

 

𝛷 = 2 𝑎𝑡𝑎𝑛 (
𝐷𝑖𝑛 2⁄

𝐹1
) 
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The optimum size of the source 𝑠1 and the expected size of the focal spot 𝑠2 are estimated 

according to equation 40 in section 2.4.3, and both depend on the photon energy. 

For an optimum coupling lens-source, 𝐹1 should be chosen in such way that the parameter 

𝑠1 corresponds to the anode spot size of the X-ray tube, in this way the efficiency of the optic 

will be optimized. In the focal position, the maximum source size captured by the optic can 

be approximated as following: 

 

𝑠1~ 𝜃𝑐𝐹1 46 

 

As shown in Figure 23, the output beam shaped by a focusing polycapillary has a global 

divergence α and a local divergence β [187]. In the optic where the channels are parallel the 

global divergence is zero (α = 0). The local divergence β can be measured experimentally 

and typically is ~1.3 𝜃𝑐, less than the maximum divergence 2𝜃𝑐. 

 

 

Figure 23: focusing optic divergence [187]. 

 

 

Differently from pinhole collimation, the local divergence of the beam does not depend on 

the source size, although, as it may be seen in the previous equation 46 , large sources may 

not be efficiently captured by the optic.  

Among the polycapillary optics indicated for XRF analysis we distinguish between 

microlens and minilens. Both lenses are asymmetric, the entrance focal distance is three 

times larger than the exit one, so the obtained focal beam size is smaller than the source size. 

Their main difference consists properly in the length and focal distances and consequently 

in different spot size. The more compact microlenses, have focal distance less than 10 µm 
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for a beam size below 20 µm. Diversely, minilenses provides beam size between 20 and 100 

µm. Minilens can be coupled to the source of dimension between 30-1000 µm while in the 

case of microlens between 30-50 µm. In the course of this work, our XRF spectrometer is 

based on a microfocus tube (50 µm beam spot) coupled to a minilens for a beam focalization 

between 44-26 µm in the energy range of 3-30 keV. The features of the used spectrometer 

will be described in Section 3.1 in the third Chapter. In conclusion, it is good to remind that 

the drawback of polycapillary use remains the energy dependent transmission, operating as 

a low pass filter to the primary radiation, especially in the region above 20 keV [188-190, 

134]. 

 

 

2.5  Sources 
 

XRF technique is based on the detection of the characteristic fluorescence lines. The 

fluorescence emission can be induced on a sample through different kinds of sources.  

In particular, X-rays sources are based on two different principles: the spontaneous 

radioactive decay of isotopes and the interaction of accelerated electrons with matter (X-ray 

tubes) or with magnetic fields (accelerators or storage rings).  

The use of natural sources shows several advantages, they are: compact, low cost, 

continuously radiating at high constancy, independent on surrounding conditions and do not 

need any power supply. The great limitation is their radiation hazard potential, leading to 

very stringent safety conditions. For this reason the natural sources are unsuitable to be 

employed in portable instruments [191-194, 134].  

X radiation can be generated by any charged particle undergoing centripetal acceleration. 

Mostly known, is the synchrotron radiation (SR) emitted by electrons or positrons in storage 

rings that circulate at constant relativistic energies (typically ranging from a few hundreds 

of MeV to several GeV) or similar circular high-energy particle accelerator facilities. SR is 

a highly polarized and intense radiation emitted in very short pulses of a few ps to ns 

duration. The radiation is concentrated in a cone tangent to the curved trajectory of the 

charged particle initiating it, allowing access to several tens of experiments simultaneously, 

on the dedicated beamlines [195-199, 134]. X-ray synchrotron radiation presents some main 

advantages: high intensity beam of several order of magnitude higher than that reached with 

X-ray tubes, the monochromaticity of the beam that in some cases can simplify data 

evaluation, and the advantage to use highly parallel beam, so that it is easier focus and 

collimate respect to the beam emitted from an X-ray tube. 

X-ray tubes generate polychromatic radiation with limited intensity; however, the main 

advantage consists in their portability. In this work, XRF analyses have been based on the 

employment of X-ray tubes as primary radiation. In this section features and the operating 

principles of X-ray tubes will be introduced. 
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2.5.1 X-ray tubes 
 

A constant characteristic radiation over a long time is needed for XRF analysis. X-ray tubes 

are based on electrons emission from a cathode and accelerated towards an anode in an 

electric field created by a positive potential of the anode relative to the cathode.  

Anode and cathode are mounted in a vacuum chamber. The common materials used for 

manufacturing tube chamber are glass, metal and ceramic [134]. Figure 24 shows the main 

components of an X-ray tube. 

 

 

 

Figure 24: scheme of an X-ray tube [200]. 

 

 

The interaction of electrons with the anode target generates elastic and inelastic processes 

(see Section 2.1). In particular, elastic scattering dominates, not being connected with energy 

losses, and only a relatively small part of incident electrons takes part in inelastic scattering 

decelerating continuously in a strong Coulomb field of nuclei and gradually losing their 

initial energy. The gradual energy loss of electrons occurred through Bremsstrahlung 

radiation and it generates a continuous spectrum in the X-ray tube radiation. Inelastic 

collision between electrons and target can see the removal of atomic electron from its orbit 

with consequently ionization of the atom. The filling of the vacancies created thought outer 

orbital electrons gives rise to the characteristic lines in the X-ray emission spectrum. 

Figure 25 shows simulated spectra based on Ebel equation [201] for a Rhodium anode tube 

at different anode voltages 𝑈 (8° take-off angle, 100 µm Berillium window). 

 



Chapter 2. Sources 

 

Figure 25: simulated spectra for a Rh-anode X-ray tube at different voltages using Axil 

analysis software [202].  

 

 

A characteristic X-ray tube spectrum is a superposition of a continuous part and 

characteristic lines (fluorescence X-lines of the anode material). The sharp termination of 

the continuous spectrum at the short wavelength side corresponding with the maximum 

kinetic energy of the electron 𝐸𝑘𝑖𝑛 = 𝑒𝑈.  

 

𝜆𝑡[𝑛𝑚] =
𝑐

𝑣𝑡
=

ℎ𝑐

𝐸𝑘𝑖𝑛
=

1.24

𝑈[𝑘𝑉]
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The shape, the intensity and the maximum energy of a continuous spectrum depend on the 

value of the high voltage, so as the discrete lines presence. If the high voltage (i.e. electrons 

energy) overcomes the excitation threshold corresponding to the absorption edge of the 

anode material, discrete lines will be present in the spectrum, and their intensity increases 

with the accelerating voltage. The falloff of the spectral distribution at low energies is usually 

due to X-ray absorption in the tube exit window. Experimentally, the voltage of X-ray tube 

is operated at ca 1.5-2 times the energy of the absorption edge of the element of interest. 

 The total irradiated X-ray power can be estimated according to the following expression 

[134, 203, 204]: 

 

𝑃[𝑘𝑊] = 𝐶𝑍𝐼𝑈2 48 

where 𝑍 is the atomic number of the anode material, 𝐼 is the anode current (A) ; 𝑈 is the high 

voltage (kV); 𝐶 is a constant equal approximately to 10−6 (kV−1). It means that the efficiency 

coefficient 𝜂 can be approximated as in the following formula [134]: 
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𝜂 ≡  𝑃/𝐼𝑈 ≈  10−6𝑍𝑈 [𝑘𝑉]. 
 

49 

 

The value of the efficiency is usually ranged between 0.1–1%, for this reason a high thermal 

energy dissipation occurs in anodes of the X-ray tubes. 

Anode material is usually a metal (chromium, copper, molybdenum, tungsten, etc.). The X-

rays emission from the anode is isotropic; the exit window is usually made from a thin 

beryllium film and the anode angle is the angle between the target surface and the normal to 

the window.  

 

Three typologies of X-ray tubes commercially available can be distinguished according their 

power [134]: 

 

i. Low-power X-ray tubes (<1kW); 

ii. High-power X-ray tubes (1–5 kW); 

iii. High power X-ray tubes with rotating anode (>5kW). 

 

A low-powered microfocus tube (30 W) has been used in this work. The typical power of a 

microfocus tube (in Watt) is given as following [134]: 

 

𝑃[𝑊]  ≈  𝐷[𝜇𝑚], 
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where 𝐷 is the diameter of the anode focal spot in microns. 

 

As discussed in the previous Section 2.4.6, the diffusion of microfocus tubes have grown 

significantly with the technological developments of optics. Their combined use provides 

high intensity beams focused in a small spot, without wasting most of the source’s brilliance, 

that otherwise may be obtained only with high-power tubes. Furthermore, microfocus tubes 

do not require water cooling and can be powered by conventional power outlets, simplifying 

the in-situ usage of the instruments they are incorporated in. 

 

 

2.6 Detectors 
 

The detection of fluorescence is based on the conversion of the energy released by a photon 

in the detector material into an electrical signal. The preferred detectors in X-ray 

spectroscopy are the semiconductor detectors [205-207]. Their main advantages are due to 

high detection efficiency and high energy resolution. This aspect is related to the fact that, 

the mean energy needed to create one primary elementary charge is of few electronvolts 

(3.62 eV for Silicon), ten times lower than others X-rays detectors (scintillators and gas-

detectors). In this way, the energy/charge conversion factors, i.e. the number of charge 

carriers generated for a given energy is higher for semiconductors than for other detectors, 

leading to a much smaller statistical broadening of the fluorescence peaks. 
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2.6.1 Detection Efficiency 
 

X-rays release their energy in the detector crystal through the interaction mechanisms of the 

X-radiation with the matter: photoelectric effect, Compton Scattering and Rayleigh 

scattering, of which processes the energy and atomic number dependence is showed in table  

Table 1, Section 2.1.2. Detection efficiency expresses capabilities of a detector. It is defined 

as the fraction of the total number of photons emitted by the source, which interacts in the 

detector volume and that are absorbed completely. It is formalized by the product of the 

following terms [205-207]: 

 

𝜂 = 𝜂𝑔𝑒𝑜𝑚 ∙ 𝜂𝑖 ∙ 𝜂𝑝ℎ𝑜𝑡𝑜 51 

where: 

 

i. geometrical efficiency (𝜼𝒈𝒆𝒐𝒎), the fraction of the photons emitted by the source 

which enter the detector volume. It takes in account the active area of the detector 

and the distance with respect to the source.  

 

ii. intrinsic efficiency (𝜼𝒊), the fraction of photons entering the detector, which interact 

in the detector material.  

 

iii. photo-peak efficiency (𝜼𝒑𝒉𝒐𝒕𝒐), the fraction of the photons interacting in the detector, 

which deposit their full energy in the material.  

 

The photo-peak efficiency can be limited by (1) escape processes. These consist in 

the not-reabsorbing in the detector material of the X- ray photon generated by the 

interaction of the fluorescence photon with the detector crystal. The energy of the 

photon that leaves the detector without be absorbed is: 

 

 

𝐸𝑒𝑠𝑐𝑎𝑝𝑒 = ℎ𝜈 − 𝐸𝑎𝑡𝑜𝑚 
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where 𝐸𝑎𝑡𝑜𝑚 is the fluorescence energy of the detector crystal atoms. For silicon-

based detectors 𝐸𝑎𝑡𝑜𝑚 corresponds to the Si-Kα fluorescence energy of 1.74 keV. In 

the case of X-ray photons absorbed close to the detector surface where usually the 

low-energy photons detection occurs, the escape process becomes a not-negligible 

effect. 

 

Others processes, occurred during the detection, can give rise an artifacts presence visible 

in the XRF spectrum. Among these, there are the (2) pileup peaks, generated if two photons 

reach the detector in a time, that cannot be discriminate from detector electronics. The result 

is a sum peak of the two photon energies. Figure 26 shows the Fe spectrum measured by 

using a Silicon detector where, in addition to the Fe-Kα and Fe-Kβ characteristic lines is 

present a pileup peak at 12.8 keV (Kα pileup) and an escape peak at 4.66 keV.  
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Figure 26: Fe spectrum acquired by Silicon Drift Detector. 

 

 

Another distortion may be introduced if a photon interacts in the detector close to the front 

contact. Because, the charge cloud created can be only partially absorbed in the detector 

material. The (3) incomplete charge collection (ICC) typically generates a tail on the low 

energy side of the peak. All detectors suffer from incomplete charge collection to some 

extent. Low energy X-rays have a very shallow penetration depth and charge collection is 

usually poor near the front contact [208]. The peak at low energy will therefore be broader 

and it will have a mean energy lower than expected.  

Finally, the (4) shelf effect, also, has to be considered if the first interaction occurs in the 

front contact side. In this case, the high energy photo- or Auger-electrons can leave the 

detector, reducing the detected photon energy. 

 

2.6.2  Energy Resolution 
 

In spectroscopy, an important requirement of a detection system is the capability of the 

system to distinguish photons closely separated in energy. The energy resolution is 

commonly expressed as full-width-at-half-maximum (FWHM) of the measured distribution. 

Alternatively, it can be expressed as percentage 𝑅, defined as the ratio between the FWHM 

and the centroid value of the distribution: 

 

𝑅 =
Δ𝐸𝐹𝑊𝐻𝑀

𝐸0
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The measured distribution can be described by a Gaussian function, whose expression is 

given by [205-207]: 
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𝐺(𝐸) =
N0

𝜎√2𝜋
exp (

(𝐸 − 𝐸𝑐)2

2𝜎2
) 
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with 𝜎 the standard deviation, N0 the peak area, and 𝐸c the peak centroid. For a Gaussian 

distribution the FWHM results related to the 𝜎 as 𝐹𝑊𝐻𝑀 = 2.35 𝜎. 

 

Several noise sources limit the energy resolution of detector and contribute to the broadening 

of the peaks. In particular, for semiconductors, the Δ𝐸𝐹𝑊𝐻𝑀 (or standard deviation 𝜎) 

includes: 

 

i. statistical noise related to the conversion process of the photon energy into charge 

carriers. 

 

ii. electronic noise of the detector–amplifier system. 

 

iii. collection noise related to the partial collection of the signal charge. 

 

Δ𝐸2
𝐹𝑊𝐻𝑀 =  Δ𝐸2

𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐𝑎𝑙 +   Δ𝐸2
𝑒𝑙.𝑛𝑜𝑖𝑠𝑒 +   Δ𝐸2

𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 
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For semiconductors, statistical noise is expressed through the Fano factor (F): 

 

 

 Δ𝐸𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐𝑎𝑙 = 2.35 √(𝐹𝐸휀) 
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where 𝐸 is the photon energy and 휀 is the average energy needed for the pair electron-

vacancy production. The Fano factor is 0.11 for silicon crystal detectors. 

 

2.6.3 Silicon Drift Detector 
 

In this work Silicon Drift Detectors (SDD) have been used for collection fluorescence 

radiation. In recent years, their use has been grown compared to the more conventional 

planar detectors (Si(Li) and Si-pin detectors). They offer higher performance in term of 

lower electronic noise at very short peaking times. This provides a better energy resolution 

at moderate count rates and much better energy resolution at high-count rates. In addition, 

SDD detectors are liquid nitrogen-free making their portability easier than a conventional 

detector. The main components of a SDD detector are [209]: 

 

1) Sensor, converts the photon energy into an electric charge of proportional size. SDD 

devices use a field gradient applied with ring electrodes on its back surface to drift the 

charge to the anode.  

 

2) Field effect transistor (FET), connected directly to the sensor, represents the first stage 

of the amplification process. It measures the charge liberated and converts it to a 

voltage output. 
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3) Peltier (thermoelectric) cooling system, allows to operate at few tens of degrees below 

zero. 

 

4) Window, maintains vacuum within the detector. Usually, Beryllium windows are used, 

because more robust than polymer-based thin windows. It makes possible the detection 

of elements with Z > 11 (from Na) due to the absorption of low energy photons 

 

The working principle of a SDD detector is schematized in Figure 27. It consists of a three-

stage process: (1) the photon energy conversion into a charge by the ionization of atoms in 

the semiconductor crystal, (2) the charge conversion into a voltage signal by the FET 

preamplifier, (3) the voltage signal is taken as input into the digital signal processor (DSP).  

 

 

Figure 27: scheme of the working principle of a SDD detector [209]. 

 

 

Differently from conventional detectors with planar structure and uniform electric field 

between anode and catode. The SDD technology is based on a cylindrically symmetric 

structure with a radial electric field, as is showed in Figure 28. The anode is a small circle 

and the drift electrodes are annular. The small area of the anode translates in a very small 

capacitance. The active volume can be enlarged by adding more electrodes keeping the same 

anode area. This technology allows to reduce the voltage noise proportional to the anode 

capacitance and provides a better energy resolution especially at high-count rates. 
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Figure 28: scheme of a SSD sensor [210]. 

 



 

 
 

 

Chapter 3 

Mobile scanning MA-XRF 
 

The development of the mobile scanning MA-XRF system of the present research work have 

included several optimization in terms of: a) chemical sensitivity and scanning speed for 

acquiring elemental images of atomic species in the samples at low concentrations and with 

dwell time the millisecond range; b) portability for moving the instrument at museums and 

galleries; c) capability to analyze large areas even with a selectable lateral resolution; d) 

possibility to perform a real-time imaging during scanning with a least square fitting 

procedures applied on the fly on the data; e) the full control of the instrument through an 

intuitive software.  

The MA-XRF scanner of the present work is composed by the following main components: 

(1) the measurement head equipped with a microfocus X-ray tube focused with a 

polycapillary and a SDD detector operated in time-list-mode, (2) a custom designed three 

axis-system with a long travel range and (3) a custom-developed Control Unit (CU) for the 

real-time control of the instrument. 

In this Chapter, a full description of experimental set-up is presented including the figures 

of merit of the devices in terms of chemical sensitivity, limit of detection and spatial 

resolution. Moreover, scanning modes, speed performance and control software will be 

discussed. 

 

 

3.1. The measurement head 
 

Spectroscopic head of the scanning system is illustrated in Figure 29. It is composed of a 

microfocus X-ray tube (1) equipped with a polycapillary lens (2), a Silicon Drift Detector 

(SDD) (3) coupled to a Digital X-ray Processor (DXP) module (4), a long-range microscope 

(5) and a precision laser sensor (6).  

 

 



Chapter 3. Mobile scanning MA-XRF 

 
Figure 29: measurement head equipped on MA-XRF scanner. 

 

 

3.1.1 X-ray Source and detection system 
 

The fluorescence emission of the sample is induced by a 30 W Rh-target microfocus X-ray 

tube (by IFG) with a beam size of 50 × 50 µm2. The tube is equipped with a 100 µm Be 

window and it can operate up to 50 kV of voltage and 0.6 mA of current. 

In order to transport primary radiation and maintaining it focalized on a small spot the X-ray 

tube is equipped with a customized polycapillary mini-lens (by IFG). 

Table 7 reports the beam size as a function of the energy at the focus distance of the lens 

(i.e., 10.3 mm); also gain values are given in the range 5-15 keV. 

 

E (keV) 3-5 5-7.5 7.5-10 10-15 15-20 20-25 25-30 

Focus size 44 44 43 37 28 26 26 

Gain 4470 8955 9753 9242 7139 3267 724 

Table 7: beam size and gain of polycapillary lens. 

 

The fluorescence signal that comes out from the sample is collected by a SDD detector (by 

KETEK) with a large active area of 50 mm2 and thickness of 450 µm. Detector is optically 

shielded by a 12.5 µm Be window and cooled by a Peltier system allowing to work at high 

ambient temperatures (up to 30°) with a noise not influencing its energy resolution. 

The intrinsic detection efficiency is higher than 90% in the range 2.4-11.5 keV range. The 

energy resolution has been measured at 5.9 keV by using a 55Fe radioactive source and it is 

plotted in Figure 30 at different values of the peaking time of the Digital X-ray Processor 

(DXP) installed in the scanner. DXP will be described in the following Sections. As 
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expected, better resolution is achieved for slow detector peaking times. The drawback is a 

higher dead time because more data processing time per event is spent. 

 

 

Figure 30: energy resolution measured at 5.9 keV for different peaking times of the Digital 

X-ray Processor (DXP). 

 

In order to optimize the performance of the detector during measurements, the energy 

resolution (FWHM) versus the output count rate (OCR) has been investigated by limiting 

the dead time to a reasonable value of the 30%. Results are shown in Figure 31 for different 

peaking times and flat top values of the DXP. The characterization is direct to individuate 

the best working conditions, in other terms the best compromise between throughput and 

peak resolution.  

Measurements have been performed by using a Fe pure target placed on the focal point of 

the source. The fluorescence signal has been induced on the sample by setting different X-

ray tube voltages and currents. In particular, measurements have been repeated at 35 kV, 38 

kV and 40 kV and current has been increased progressively keeping the dead time less that 

the 30%. Each spectrum has been acquired for 50 sec live time. 
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Figure 31: energy resolution versus Ouput Count Rate (OCR). 
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The SDD detector has been equipped with a new compact Digital X-ray Processor (DXP) 

module (68 × 48 mm) that allows high incoming fluorescence count rate minimizing dead 

time. As we will see, this aspect is crucial in order to obtain elemental mapping at high 

contrast even when the scanner operates fast scans.  

The DXP has been customized for our MA-XRF scanner by the Belgium Brightspec. Main 

technical characteristics are reported in the Table 8: 

 

Device 

14-bit flash ADC running at 50MHz 

100MHz processor in high-performance FPGA 

200 MHz 32-bit CPU 

Data 
acquisition 

spectral memory size up-to 16 384 (16K) channels 

acquisition modes: PHA, MCS, LIST and TLIST 
event time resolution (LIST and TLIST): 40 nsec 

Data 
settings 

trapezoidal filter 

rise time: 0.1-20 µsec in steps of 0.2 µsec 

flat top: 0.1-8.0 µsec in steps of 0.1 µsec 

threshold: 1 to 255 

Digital Base Line Restorer (BLR) 

Pile-Up Rejector (PUR) 

Table 8: DXP technical specifications. 

 

 

In particular, the module supports the acquisition functionality in Time LIST mode (or event 

mode) with an event time resolution of 40 ns. It differs from a conventional DXP analyzer 

that measures the spectrum of incident events. Our DXP module acquires continuously the 

stream of data giving at the outputs a list of points in (time, energy) coordinates. In this way 

the stream of data can be processed by selecting different time intervals allowing during the 

continuous scanning described in Section 3.8 to change the pixel size even during acquisition 

based on user needs.  

Customized libraries in Linux 64 (RTOS) and real-time Labview have been specifically 

developed by the producer in order to be included in the Control Unit of the scanner describe 

in Section 3.3. 

Based on DXP technical characteristics and results in Figure 30 and in Figure 31 we usually 

operate the MA-XRF acquisition with default values of peaking time at 1.5 µsec. This leads 

to a resolution of the SDD of about 155 eV at 5.9 keV. 

 

3.1.2 Irradiation and detection geometry 
 

X-ray tube and detector are positioned according the conventional 90 degree geometry, 

source and detector are oriented at 45° respect to the normal to the sample surface, as 

sketched in Figure 32: 
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Figure 32: spectrometer geometry. 

 

 

The geometric configuration at 90° minimizes the Compton background, but the inclination 

of the source produces a broadening of the beam in the amount of 1/𝑠𝑖𝑛 𝜃 on the sample 

surface along the horizontal direction. Also, geometry influences the penetration depth of X-

rays in the sample. Similarly, the X-rays fluorescence induced at inner layers of the sample 

are absorbed form outer layers (and also air path and Be window) before reaching the 

detector. These considerations are expressed in the equation 57, where the absorption 

𝐴(𝐸) in any homogeneous layer between the spectrometer and the sample with the mass 

attenuation coefficient µ, thickness 𝑑 and density 𝜌 is defined as: 

 

𝐴(𝐸) = exp(−𝜒(𝐸, 𝐸′))𝜌𝑑 
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where 

𝜒(𝐸, 𝐸′) = 𝜇(𝐸)
1

𝑠𝑖𝑛 𝛼
+  𝜇(𝐸′)

1

𝑠𝑖𝑛 𝛼′
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Equation 58 indicates as a lower inclination angle (𝛼) than 45° degree corresponds a larger 

broadening of the beam spot on the sample making worse the lateral spatial resolution, but 

at the same time the absorption in the upper layers is minimized. Diversely, it can be 

observed that to minimize the beam spot, source (𝛼) and detector (𝛼′) should approach to 

90° degrees. 

As better explained in Section 1.2 in the first Chapter, MA-XRF technique usually do not 

allow to fix the measurement distance. However, as reference we consider as preset distance 

the one where the sample is in the focus of the optic (about 10 mm). At this distance the 

sample-SDD distance is also 10 mm. Figure 33 shows the fluorescence transmission in 

function of energy for “in focus” experimental geometry. 
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Figure 33: fluorescence radiation transmitted before to be detected. 

 

 

3.1.3 Microscope system 
 

The spectrometric head of the MA-XRF scanner has been equipped with a long distance 

microscope (by Infinity). It is placed along the normal direction to the sample surface. The 

microscope presents a reduced depth of field of 19 µm and it is used for positioning the 

sample at the focal distance of the optic (where beam-spot is minimal).  

Table 9 reports the resolution specification of microscope. 

 

Working Distance (WD) (mm) 60 

Magnification (MAG) 4.47 

Numerical Aperture (NA) 0.17 

Resolution (lpmm) 500 

Resolution (µm) 2 

Depth of Field (DOF) (mm) 0.019 

Table 9: Optical resolution data of microscope. 

 

 

In addition, it is used for acquiring optical images with a high resolution (down to 2.8 m) 

of small area in specimen. This allows in many cases useful comparison of elemental 

distribution XRF images of small painted details with a direct optical microscope image. 

Thus, the optical focusing of the microscope assigns the distance at which the MA-XRF 

device can be used as a high resolution micro-XRF scanner. Analytical results obtained by 
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performed micro-XRF imaging will be illustrated and discussed in APPENDIX-A. It will be 

shown in Figure 45 (Section 3.5) that beam-size at this distance is 38 µm on the Mo-Klines.  

Figure 34 shows the optical microscope image of the beam reflected on a fluorescent screen 

placed at the focus distance of the polycapillary lens. Differently, MA-XRF analysis is 

performed with a wider beam (i.e., some hundreds of microns), positioning the sample out 

of focus. Beam dimensions versus distance will be in Figure 45 (Section 3.5). 

 

 

Figure 34: microscope image of the beam spot transmitted by a polycapillary lens at the 

focus distance. 

 

Due to this aspect two different analytical techniques (i.e., µ-XRF and MA-XRF) can be 

applied on artworks with the same instrument allowing investigation of painting materials at 

different scale of length. As discussed in Section 1.1 (first Chapter), MA-XRF is suited to 

have global information on pigment signature, hidden paintings and attribution/authenticity, 

while µ-XRF allows to study at microscopic level the chemical correlations among elements 

giving new insights on painting techniques and conservation state.  

The beam dimension at the measuring distance is also related the lateral resolution of the 

elemental maps. As demonstrated in the next Sections, others parameters which influence 

the lateral resolution of the final elemental maps are beam size, step-size used during the 

scan and counting statistics that determines the contrast by means the ratio signal to 

background. 

 

3.1.4 Laser sensor for a dynamic determination and correction of 

distances 
 

In several analytical cases, elemental maps may be interested by a not uniform lateral 

resolution. This effect, is caused by a not perfectly flat sample. In order to provide for this 

limitation, the MA-XRF scanner has been equipped with a laser sensor (by Micro-Epsilon) 
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based on a triangulation technology for a real-time measurement of the polycapillary-sample 

distance.  

Firstly, the use of laser sensor is related to the safety of artworks during the scanning. The 

laser performs a continuous monitoring of artworks distance from the spectrometer with a 

750 Hz frequency and a resolution down to 4 m. Laser spot size on the sample is about 200 

µm. A safe distance is selected by user as initial parameter before starting the scanning, the 

continuous information exchanged between the laser and Control Unit (describe in Section 

3.3) allows the immediate interruption of the movement if this limit is reached and exceeded  

Optionally, the laser sensor is used to dynamically correct the distance of the sample under 

investigation from the measurement head along the Z direction. The laser system 

communicates to the Control Unit (CU) the distance and if necessary the CU acts on the 

motorized Z axis bringing again the sample to the initial distance. In this way the distance 

sample-source is guaranteed be quite constant during the scanning. Correction speed of the 

Z axis has to be chosen comparable with the speed at which the scan is performed. Diversely, 

distortion effects could be introduced in elemental maps. 

 

 

3.2. The XYZ high precision travel system 
 

The spectrometric head is moved during scanning by means of a custom-designed three-axis 

system that cover a total area of 110 × 70 × 20 cm3 (XYZ) At the present this is the largest 

area covered by a MA-XRF scanner.  

The XYZ axes present a precision of 52 m/300 mm and a bidirectional reproducibility of 

± 10 m. The position of the measurement head is based on a wire sensor, designed ad-hoc. 

The wire sensors allow to retain the reference position in the XYZ coordinates even after 

that the system has been switched on/off without requiring any calibration procedure. 

Main advantage introduced by a large scanning area device is the possibility to analyze the 

whole artworks in a single acquisition, without any separation of the surface in sub-parts, 

thus avoiding the need of a off-line mosaic reconstruction of the elemental images. This 

aspect leads the main advantage to minimize the introduction of graphic imperfections in the 

assembling procedure. 

The motion of axes is entirely controlled by the Control Unit (CU). The XY scanning is 

performed in a continuous movement of the X axis with a maximum speed of the scanner 

100 mm/sec. The Y step is selected by the user initially. The scanner is so designed for 

making ultra-fast scans covering the total area in 4.2 hour with a lateral resolution of 500 

µm. 

The Z-axis enables the sample movement with high accuracy along the beam focal direction. 

Thus, allowing the sample positioning in order to have the desired beam size as described 

by the data in Figure 45 (Section 3.5). 

In addition, as described in Section 3.1.4, the Z axis is used for the on-line monitoring of the 

object position by means the laser sensor, allows to maintain fixed the object distance from 

the spectrometer even in the presence of curvatures.  
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The travel system of the scanner is shown in Figure 35 the MA-XRF during the in-situ 

analysis of the Flemish painting “Paston Treasure” at the Norwich Castel Museum in 

Norwich (UK). 

 

 

Figure 35: MA-XRF scanner for the analysis of “Paston Treasure” at Norwich Museum 

(UK). 

 

 

3.3. Control Unit  
 

The MA-XRF scanner is fully controlled by a custom developed and programmed Control 

Unit (CU) that is used for synchronizing the travel of the measuring head in the XYZ 

dimensions with the X-ray data acquisition. The CU guarantees this high precision 

synchronization via embedded drivers and libraries of all sensors installed in the device; 

moreover it allows to monitor the instrument operation in a real-time mode. The CU 

hardware component has been designed employing a cRIO controller (by National 

Instruments) based on a deterministic Linux real-time operating system (RTOS) and 

controlled via LabVIEW real-time software, [211]. In detail, the cRIO platform is equipped 

with a real-time microprocessor for communication, signal processing and data logging via 

embedded LabVIEW real-time applications and a user-programmable FPGA component 

(Field-Programmable Gate Array) with direct access to the I/O modules for implementing 

high-speed control and custom timing, triggering, and synchronization directly in hardware. 

The cRIO architecture is shown in Figure 36: 
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Figure 36: cRio architecture scheme. 

 

 

The CU has been interfaced with a customized user-friendly software programmed in a real-

time LabVIEW for controlling all sensors of the instrument and for monitoring its executions 

in real-time. The software graphical structure is composed of four sub-windows, and each 

allows the operating parameters selection of the single scanner components. 

 

3.3.1 Detector window 
 

The "detector" panel (see Figure 37) allows to select the operating conditions of detector 

(gain, threshold, rise time, flat top, live or real-time, etc.), to visualize XRF spectrum, dead 

time, Input and Output Count rate (ICR/OCR). XRF spectra can be saved in .spe format (i.e., 

IAEA ASCII file format) from the same window. Its use is particularly suitable for single 

spectrum acquisitions, that often are combined with the elemental mapping, or for the 

identification of the scanning acquisition parameters, as the choice of the time acquisition in 

basis on the recorded counts on several single spots of the sample. 
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Figure 37: detector sub-window of the graphic interface 

 

3.3.2 Laser window 
 

The “laser” panel (see Figure 38) allows the operating parameters selection of the laser 

device for the focal position monitoring of the sample during the scan. The distance object-

sample is continuously displayed on the same panel. The laser system can operate in two 

different mode: Autorange and Safe distance.  

The Autorange operating mode requires the use of the auxiliary motorized axis (Z 

axis) for displacing the sample along the focal plane, and the selection of the 

following operating settings: 

i. Focus distance, i.e. the spectrometer-sample distance to be maintained constant 

during the scan; 

ii. Dead band, i.e. the tolerance distance within which the correction is not operated, 

in manner to avoid not-significant corrections as that occurred in presence of small 

protrusions of decorative layers in the painting. Usually a dead band of 0.5 mm is 

selected for measurements; 

iii. Velocity, i.e. the correction speed chosen based on scanning speed; 

iv. Warning Stop distance, that, if overcame generates the interruption of the 

movement of the axes via Control Unit in order to preserve artworks from any 

damage. 

The Safe distance operating mode is usually executed for MA-XRF measurements; 

in this second configuration the (i) Focus distance works as Safety distance (Warning 
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Stop distance), while the parameters: Dead band and Velocity are disabled because 

system is using Z axis for dynamical correctional the position.  

 

 
Figure 38: laser sub-window of the graphical interface. 

 

3.3.3 Axis window 
 

The "Axis" panel (see Figure 39) allows to control the axes movement, via absolute and 

relative displacement (up-down and right-left ) to the desired position at several speeds up 

to 100 mm /sec and with 1 µm accuracy. The absolute position of the axes is continuously 

displayed on the same panel during acquisition. 
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Figure 39: axis sub-window of the graphical interface. 

 

3.3.4 Acquisition window 
 

The scanning mode (continuous or step mode) and scanning parameters (scanning speed, 

step size, number of pixels) can be selected via “Acquisition” panel (see Figure 40) and soon 

after the start of acquisition, the parameters selection is saved a summary file created in the 

same folder containing raw data. During the scan, from the Acquisition window all scan 

parameters can be monitored, in particular the scan status by progressing a percentage bar, 

the absolute position of the axes, the spectrum and collected events and the spectrometer-

sample distance. 

The acquisition can be momentarily arrested via pause command and recovered from the 

end position, without setting the scanning parameters again. In addition, MA-XRF 

acquisitions done on two (or more) adjacent areas can be acquired in a single dataset, by 

selecting before to acquire the new area, the same directory where previous data have been 

saved, thus new data will be named in progressive succession. In this way, the two datasets 

will be worth concatenated in a single acquisition and they can be analysed as a unique map 

without resorting to the mosaic assembling. 
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Figure 40: acquisition sub-window of the graphical interface.  

 

 

3.4. Figures of merit 
 

The MA-XRF system has been characterized by determining the Limit of detection (LOD) 

and chemical sensitivity (Y). This figure of merit (FoM) has been experimentally determined 

by using the 611 Standard Reference Material (SRM) by the National Institute of Standards 

and Technology (NIST). The reference sample is a 1 mm thick glass matrix (with nominal 

composition of 72% SiO2, 14% Na2O, 12% CaO and 2% Al2O3) containing 24 elements with 

a nominal concentration (mass fraction) in the range of 100 mg/kg (100 ppm) to 500 mg/kg 

(500 ppm). The standard contains also additional elements for which concentration values 

are not assigned [212]. 

It should be noted that FoM is not evaluated in absolute way but it is relative to the matrix 

of the reference standard. In addition, effects of self-absorption in the material is not taken 

in account. An absolute determination of chemical sensitivity and detection limits is in 

general more complicated and it would require an accurate definition of the all self-

absorption effects and the knowledge of penetration depth of primary beam.  

Measurements on the SRM 611 have been perform for 100 s real-time with the X-ray source 

operated at 50 kV and 0.6 mA. The standard has been positioned in the focus of the lens at 

about 10 mm. Acquisition were performed with peaking time and flat top at 1.5 µs and 0.2 

µs respectively, taken as default parameter for the scanner.  

Chemical sensitivity (Y) and Limits of detection (LOD) have been measured by means the 

following equations 59 and 60: 
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Y =
Nsignal

ci ∙ t
 

 

59 

 

LOD = 3 ×  
√Nback

Nsignal
 ×  ci ∙ t 
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where 𝑁𝑠𝑖𝑔𝑛𝑎𝑙is the net intensity peak of the i-element and 𝑁𝑏𝑎𝑐𝑘 is the intensity of the 

background below the peak considered, 𝑐𝑖 is the mass fraction of element 𝑖 in the standard 

and 𝑡 the acquisition time of the measurement. Figure 41 shows the measured K-lines 

sensitivity expressed in in counts per second (cps).  

Chemical sensitivity results more than 100 cps for elements ranged between K (Z=19) and 

Mn (Z= 25). It increases for heavier elements, at values larger than 1000 cps.   

The scanner is less sensitive to elements heavier than Rh, as Cd (Z = 48), Sn (Z = 50) and 

Sb (Z = 51). The sensitivity for these elements is about 100 cps\mg\g. This is due to the use 

of the polycapillary for focusing the beam, which has a lower transmission for the high 

energy components of the primary radiation. However, heavy elements (Z > 51) can also be 

detected by their L-lines. 

Similar considerations can be done by observing the limit of detection plotted in Figure 42.  

 

Limit of detection for elements ranged between K (Z=19) and Mn (Z= 25) is slightly higher 

than 100 ppm and it decreases below 100 ppm for the elements ranged between Fe (Z=26) 

and Sr (Z=38).   

 

 

 
Figure 41: K-lines sensitivity for elements from K (Z = 19) to Sr (Z = 38). 
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Figure 42: K-lines limit of detection for the elements from K (Z = 19) to Sr (Z = 38). 

 

 

3.5. Beam-size measurement 
 

The beam size has been determined experimentally as a function of the optic-sample 

distance. As described in previous sections, the XRF scanner has been developed in order to 

be used both for a microscopic XRF (µ-XRF) imaging investigation - which need a beam 

size of less than 50 µm - and for a macroscopic XRF (MA-XRF) scanning that is better 

performed with a beam in the submillimetre range (i.e., in the range 300-500 µm). This 

condition is easily obtained by taking advantage of the optic divergence by positioning the 

sample out of the focus.  

Beam size σ corresponds to the diameter of the focal spot, where the intensity distribution 

reaches a 1/e value of its maximum. The spot size, in the hypothesis of a Gaussian 

distribution, can be converted to the full width half maximum with the following relation: 

 

𝐹𝑊𝐻𝑀 = 2√2 ln(2)  𝜎 = 2.3548 𝜎 

 

61 

Full-Width-Half-Maximum (FWHM) has been calculated with knife-edge method [213] by 

using a Molybdenum foil with thickness of 25 µm placed on a Fe pure target. Figure 43 

shows the optical microscope image of the sharp edge. 
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Figure 43: Fe-Mo knife edge at the microscope. 

 

Knife-edge measurements consisted of a horizontal scanning (along the X-direction) of the 

Fe-Mo surface with a 5µm step size for a total of 1600 points (spectra), with a 0.5 sec dwell 

time and X-ray tube operated at 35 kV and 0.5 mA. 

A fitting procedure has been applied to the spectra for obtaining net counts for Mo-Kα and 

Fe-Kα fluorescence peaks. The net counts, plotted as a function of longitudinal position, are 

distributed on a step function (or sigmoidal curve) and the Gaussian beam diameter has been 

calculated by means the first order derivative of the sigmoidal function. Figure 44 shows 

Mo-Kα counts in function of the longitudinal step acquired in the minimum beam size 

position, in red the sigmoidal fit curve and in blue the Gaussian function found by means 

first derivative calculation. 

 

 
Figure 44: Mo-Kα counts versus horizontal position (x-direction). 
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Horizontal linear scansions have been repeated by moving sample along the Z direction with 

a step of 100 µm. Minimum value of beam size is of 38 µm for Mo- Kα-line energy and 73 

µm for Fe-Kα-line energy, when sample is placed at about 10 mm from the lens.  

Furthermore, the distance interval where to perform MA-XRF analysis ranges from 12 mm 

to 13.5 mm (corresponding to 300 -500 µm beam size) from the lens exit. Plots in Figure 45 

reports beam size values obtained as function of lens end distance. 

 

 

 
Figure 45: beam sizes along z- direction determined for Fe-Kα-line and Mo-Kα-line 

energy. 

 

 

3.6. Lateral resolution 
 

The lateral resolution represents a physical quantity likewise important for imaging 

technique and it is determined not only from the beam size but also from the step size and 

the accumulated intensity per pixel. In order to improve the spatial resolution the step size 

can be reduced to a quarter or to a fifth of the beam size [214].  

However this is recommended only if an increasing intensity per pixel is guaranteed, 

differently this measuring procedure can be not convenient due to the significant time 

consuming for the acquisition and for a very large number of the spectra to be analysed. 

The lateral resolution for the scanning MA-XRF has been experimentally determined using 

a resolution test target named USAF-1951 (by Newport) made of a glass substrate covered 

by a chrome coating. [215]. 

USAF-1951 test target is a pattern composed by reference lines with well-defined spacing. 

The lines groups are repeated with dimensions from big to small in the range from 1 mm to 

4 μm. The lateral resolution has been calculated by a step-by step mapping of the central 

area of the target where higher resolution power are needed for resolving the pattern. The 

map has been performed on an area of 500 × 500 pixels at 10 µm step, with a pixel dwell 

time of 0.3 sec and X-ray tube operated at 36 kV and 0.35 mA. 

Cr-Kα map, in Figure 46, shows that the resolving power of instrument allows to distinguish 

lines up to the element number 3 of group 6, thus defining a lateral resolution of about 35 

µm obtained by applying the following equation [216]: 
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Space width

Line
 (mm) =

1

2LP
=

1

28,5
= 0.035 mm = 35 um 
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where Line Pairs per millimetre is 14.25 for the element number 3 of the group 6. 

 

 
Figure 46: Cr- Kα map of the USAF1951 resolution test target. 

 

 

3.7. MA-XRF system scanning speed performances 
 

In several scanners developed over the time, the scanning speed was not as much limited by 

the statistics of the data acquired, but by synchronization of motorized stages and detector. 

In the scanning system described in this work a scanning speed up to 100 mm/sec can be 

reached by coupling of a 100 MHz DXP processor for events collection and a cRIO system 

based on Linux real-time operating system. 

In this section the comparison between maps acquired at different scanning speeds, are 

showed; for testing the instrument performances has been used a modern oil painting of 

47×38 cm2 dimensions. The total time employed for mapping was of 10 hours, 4 hours, 2 

hours and 1 hours for the different scanning speeds, respectively of 10 mm/sec, 25 mm/sec, 

50 mm/sec and 100 mm/sec; the scans were performed in continuous acquisition mode, with 

the X-ray tube operated at 35 kV voltage and 0.4 mA current. 

Figure 48 shows Ti-K and Se-K distribution images at different scanning speed; the two 

elements are present with different concentration in the painted layer. The comparison 

between the sum spectra calculated on the entire scan and showed in Figure 47, highlights 

their relative abundance in term of counts. Titanium white is a high-concentration element 

uniformly distributed in the painted surface, contrarily selenium is concentrated in some 

small areas and used in correlation with cadmium in form of cadmium orange pigment used 

for colouring orange/red tones [217]. 
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Figure 47: sum spectra comparison. 
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Figure 48: Ti-K and Se-K images acquired at different scanning speeds 

 

 

3.8. Step mode and continuous mapping  
 

The scanner operates two different scanning modes: step and continuous or time-list mode. 

A conventional step-by-step measurement is based on acquisition of a set of pixel-spectra 

with a selected dwell time for pixel. The pixel-spectrum acquisition is repeated on sample 

surface covering a pixels matrix (n × m) equally spaced of a precise step. The total 

acquisition time is given by: dwell time on each pixel, shifting time between two consecutive 

pixels, and dead time of each pixel-spectrum, all multiplied for the pixels number.  

A step mode acquisition provides elemental images with an a-priori fixed lateral resolution. 

Indeed, the pixel size defined by beam size, the map graininess regulated by step size and 

the map contrast (i.e. pixel intensity) defined by dwell time, are chosen before to start the 

scan and their selection set the imaging resolution.   

 

Usually, the step size selection is subordinated to the beam size. If the scan is performed 

with a selected beam size larger than the pixel size, this acquisition occurs in oversampling 

mode, differently is named undersampling. The oversampling acquisition mode leads to a 

more blurred image, while the undersampling gives more sharp images. However, 

commonly the oversampling is preferred for reasons due to time restriction or when the 
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surface of the sample is very large. In this case the blurring effects become neglectable. 

Acquisition with a larger number of pixels, as in the case of undersampling, requires not 

only an increase of acquisition time, but also an additional time for data processing. 

 

In the conventional step-by-step acquisition, the DXP collects the incident events 

distribution forming a histogram (spectrum) containing the number of events that occur 

within each data channel (or energy range). Differently, in continuous or time-list-mode 

(TLIST), DXP records events including not only the pulse height information (energy), but 

as well the event arrival time with a time resolution of 40 ns.  

Although the time list mode requires more computational power to process data in 

comparison to conventional step mode, it has several advantages such as higher temporal 

resolution and higher flexibility of data manipulation. Data acquired in TLIST mode can be 

packed with any time interval during or post the scanning. The selected time interval for the 

modelling of spectra define automatically pixel size, being scanning speed constant.  

The selection of a longer time interval corresponds to increase the pixels size, useful for 

increasing counts statistic of the single pixel, or vice versa the pixel size can be reduced for 

a better quality of maps. In this manner, in a continuous scanning the unique fixed parameter 

is the scanning speed that determines the lateral resolution only in terms of contrast (or 

counts statistic). 

The time-list mode allows to perform real-time scanning where the total time strictly 

coincides with the scanning rapidity of acquisition of the single lines.  

The continuous stream of data is transferred to the Control Unit (CU) with a preset time 

interval (usually 100 ms), however in case of data overflow occurring at the higher count 

rates, the CU automatically stops the scanning and dynamically adjusts the data transfer time 

in order to eliminate the acquisition error. Scanning is automatically restarted at the 

beginning of the row where the data overflow occurred so to avoid any loss of data. 

Figure 50 shows the comparison between imaging performed in step-by-step mode and in 

time-list at different speeds using a copper target (200 µm thickness) having six circular 

apertures of 50 µm diameter and each other equally spaced of 100 µm centre to centre (by 

Comar Optics). Measurements have performed covering an area of 600 × 600 µm2 with a 

fixed pixel size of 10 µm also for time-list acquisitions. X-ray tube was operated at 30 kV 

and 0.1 mA. The other scanning parameters and acquisition times are following listed: 

 

a) Step mode, step size 10 µm, dwell time 500 ms, 0.76 h total acquisition time; 

b) TLIST mode, speed 0.01 mm/sec (10 µm/sec), 1 h total acquisition time; 

c) TLIST mode, speed 0.02 mm/sec (20 µm/sec), 0.5 h total acquisition time; 

d) TLIST mode, speed 0.04 mm/sec (40 µm/sec), 0.23 h total acquisition time. 

 

The comparison between the Cu-K images shows how the transition from the step mode 

acquisition to a continuous acquisition does not imply the loss of information in terms of 

lateral resolution; however, it offers the advantage to make the mapping in a shorter time. In 

terms of contrast, or intensity for pixels, a lower scanning speed allows to obtain a better 

signal/background ratio, as it can be seen in Figure 51, where the sum spectra comparison is 

shown. 
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Figure 49: Cu-K maps of a copper target performed in step mode (a) and continuous mode 

at different scanning speed: 10 µm/sec (b), 20 µm/sec (c) and 40 µm/sec (d). 

 

A direct comparison between measurement performed in step mode (a) and map obtained in 

continuous mode (c) can be made because both present a comparable count statistics (see 

spectra drawn in blue and black in Figure 51). However, the two acquisitions differ in the 

total time with a reduction factor of 1.5 for the continuous scanning respect to the step 

scanning. 

 

 
Figure 50: cumulative spectra comparison 
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3.9. Spectra analysis 
 

MA-XRF measurement allows simultaneous mapping of chemical elements in a same scan. 

The creation of each map takes place through the separation of the fluorescence lines from 

the other components of the pixel spectra.  

Usually, spectra fitting procedure is applied off-line, as a home task, to be performed at the 

end of in-situ campaigns. This is due to the huge processing resources, usually necessary for 

a simultaneous real-time control of scanner sensors, the data transfer and the application of 

a suitable fitting procedure.  

Real-time analysis allows to have elemental images available when the acquisition ends, this 

implicates a significant gain in terms of time, allowing an immediate preliminary 

interpretation of data to be discussed with conservators and art historians for establishing the 

appropriate measurement strategy to be adopted. Real-time analysis gives the possibility of 

monitoring the right progress of the scan, particularly suitable when in-situ measurements 

are performed and the possibility to repeat analysis is often limited. 

In recent scanning systems the real-time analysis (if present) is based on the selection of 

region of interest (ROI) of the spectra.  

The MA-XRF scanner of the present research work performs the X-ray fluorescence lines 

separation through a fitting procedure developed for PyMCA and integrated on the system 

[218]. The fitting procedure applied to spectrum is based on the non-linear least-squares 

method discussed in next section and description of the functionalities of the in-house 

developed analysis software will follow after.  

 

3.9.1 Spectrum evaluation 
 

XRF spectra consist of overlapping fluorescence lines of the elements present in the sample 

and of the spectral background due to the scattering of the primary radiation and the 

incomplete charge collection in the detector, as it shown in Figure 51. Thus, if the escape 

and sum peaks (see section 2.6.1, Chapter 2) are neglected and the spectral background is 

assumed to be of constant shape, a spectrum 𝑆 can be described by a function 𝑦𝑖 in channel 

𝑖 as in equation 63: 

 

𝑦𝑖 = 𝑐0𝐵𝑖 +  ∑ 𝑐𝑘

𝑘

𝑘=1

𝑥𝑖,𝑘(𝑎0, , 𝑎1,  𝑎2, … 𝑎𝑚) 
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where 𝐵 is the spectral background, 𝑘 the peak profiles and 𝑥 represent appropriately 

grouped transitions in the excited atom. Their shape is dependent on the non-linear variables 

𝑎 that contains the energy calibration and resolution of the detector and other characteristics 

of the spectrometer. The peak intensity is expressed in the linear factor 𝑐. In elemental 

distribution images the colour intensity of a pixel is directly correlated to this factor. 
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Figure 51: XRF spectrum fast fitting performed using PyMca software 

 

In order to discriminate the overlapping fluorescence peaks and to derive the area of each 

peak, the individual components are modelled using mathematical functions, based to the 

knowledge of the fundamental parameters theory [219, 220, 221, 222, 221, 137]. 

Fitting a mathematical function to 𝑛 experimental data (𝑥𝑖 , 𝑦𝑖) consists in determining the 

optimum set of m parameters (𝑎 =  𝑎0, 𝑎1,  𝑎2, … 𝑎𝑚) such that the computed values with 

function 𝑓 (𝑥𝑖, 𝑎) will be a close as possible to the experimental values 𝑦𝑖 .The different 

parameters of the fitting function are obtained by the non-linear least-squares method (NL-

LS) the same approach is followed for processing XRF spectra [223] [224]. 

Generally, if Φ is the function to minimize: 

 

Φ = ∑ (
𝑓(𝑥𝑖; 𝑎) − 𝑦𝑖

𝜎𝑖
)

2𝑛

𝑖=0
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Where 𝜎𝑖 is the standard deviation of experimental value 𝑦𝑖. The parameters values are 

obtained by minimization of Φ, i.e. by cancelling out the values of its partial derivatives: 

 

∂Φ

∂a𝑗
= 0 
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In the fast linear fitting procedure used in the MA-XRF this minimization is performed by 

using the Marquardt-Levenberg algorithm [225, 226]. This is based on two different 

approaches as fitting progresses: far from the minimum, the gradient method is first used, 

then, when near the minimum, it is replaced by the Hessian method [227]. 
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In both cases, solving the equation system requires computation of the first derivative for 

each of 𝑚 parameters. Uncertainties (variances) associated to each parameter are calculated 

during the fitting procedures, as well as covariances of the different parameters. 

A complete description of the algorithms and the theoretical databases on which is built the 

fitting procedure can found in references [218-222, 224]. 

 

3.9.2 Peak shape model 
 

The response function of most solid-state detectors is predominantly Gaussian, thus common 

kinds of spectra, gamma, alpha or X-rays are modelled on Gaussian function: 

 

G(x) =
𝐴

𝜎√2𝜋
∙ 𝑒𝑥𝑝 [−

(𝑥 − 𝑥0)2

2𝜎2
] 
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A Gaussian peak is characterized by three parameters: the position 𝑥0, amplitude 𝐴, and 

standard deviation 𝜎. It is preferable to describe the peak in terms of its area rather than its 

height because the area is directly related to the number of X-ray photons detected, while 

the height depends on the spectrometer resolution. The peak area, in equation 66 is a linear 

parameter; the width and position are non-linear parameters. This implies non-linear least-

squares procedure, described above, in order to find optimum values for the latter two 

parameters [224]. 

Instead of a Gaussian function, in certain instances it may be necessary to resort to more 

complicated models such as Voigt or Hypermet functions. In particular, this latter is used in 

the XRF spectra analysis of this work. 

The Hypermet fitting function was first introduced by Philips and Marlow [223] and it 

consists in the sum of a Gaussian (see equation 66), a low-energy tail and a discontinuity 

centred on the peak position:  

 

𝑓Hypermet (x) = G(x) + 𝑇(𝑥) + 𝑆(𝑥) = 𝑇𝐺(𝑥) + 𝑆(𝑥) 
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The Gaussian tail T(x) in equation 67 is modelled by an exponential function truncated at 

the peak position, convolved with a Gaussian representing the instrumental broadening. This 

shape can be used to take into account events due to incomplete charge collection in the 

detector [224]. 

 

T(x) = ∫ A ∙ T(τ ∙ 𝑥 ′) ⋅ 𝑒𝑥𝑝 [−
(𝑥 ′′ − 𝑥0)

2

2𝜎2
] 𝑑𝑥 ′

𝑥0

−∞
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𝑇(𝑥) function includes two more parameters to the Gaussian function G(x): tail relative 

amplitude T and exponential slope τ. 

The discontinuity 𝑆(𝑥) results from the convolution of a step function, with a constant value 

for 𝑥 ≤ 𝑥0 and zero value for 𝑥 > 𝑥0, by the Gaussian instrumental broadening [224]. 
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S(x) = ∫ A ∙ S ⋅ 𝑒𝑥𝑝 [−
(𝑥 ′′ − 𝑥0)

2

2𝜎2
] 𝑑𝑥 ′

𝑥0

−∞
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The function 𝑆(𝑥) is entirely characterized by six parameters, the first five are the same as 

those of the Tailed Gaussian 𝑇𝐺(𝑥) and the last one is S the step function relative amplitude. 

 

3.9.3 Continuum/Background evaluation 
 

The spectral background 𝐵 can be modeled in two possible ways: estimation or fitting [228]. 

In the first, the estimated background is subtracted from the experimental data prior to the 

least-squares fitting of the fluorescence peaks. In the fitting mode the continuum is described 

by an analytical function which enters into the least squares fitting algorithm.  

In both models, the background is evaluated through an iterative procedure in which the 

content of each channel 𝑖 is compared against the average of the content of its neighbours, 

at a distance of 𝑤 channels. If the content is above the average, it is replaced by the average, 

so that after several iterations, the peaks are eroded away (see equation 70). 

 

𝑦𝑖 = min [𝑦𝑖,
𝑦𝑖−𝑤 + 𝑦𝑖+𝑤

2
] 
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For the XRF spectra analysis object of this work, due to the a large data sets collected in a 

MA-XRF scan, a faster processing of data, Statistical Non-linear Iterative Peak procedure 

(SNIP) is used in the fitting Background procedure [229, 230, 202]. SNIP allows to take 𝑖 as 

a fraction of the peaks full-width-half-maximum (FWHM) at the beginning of the iterative 

process, reducing the unity at the end of it. Diversely, in the most simple case, named STRIP 

procedure, 𝑤 is set to 1. STRIP procedure needs of several thousand iterations while less 

than 50 are necessary with SNIP procedure.  
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3.10. In-house programmed software 
 

The in-house programmed analysis software on the CU runs during scan and allow a (near) 

real-time data transferring. This analysis software is supplied with an additional user-

friendly interface structured in five control windows (sub-widgets), for images processing. 

Figure 53 shows the analysis software in execution during scanning for forming elemental 

images. 

 

 

 
Figure 52: analysis software in running on a laptop connected to Control Unit. 

 

A control panel allows to enable a new analysis: X-ray data, that are accumulating during 

acquisition, are read and analysed line-by-line. The software converts the raw-data format 

into EDF format (European synchrotron radiation facility Data Format) and a suitable fitting 

model is applied to the spectra, allowing the simultaneous creation of images. Fitting model, 

applied to data is configured using PyMca software [218] and it contains the selection of 

mathematical functions for peaks and background shapes, the experimental conditions 

(excitation type, detector specifications, measurement geometry), the energy calibration and 

the fluorescence peaks composing spectrum. Fitting procedure separates so the several 

spectrum components and gives as result the net area of each fluorescence peak.  

In this way, the net counts image (of float image) is created line-by-line repeating the 

procedure, until the completion of the entire map, its running can be visualized in the same 

panel, as shown in Figure 54. 

The analysis running speed is more than 5000 spectra/sec as maximum processing speed. 

Finally, as before mentioned, the pixel size of images can be changed during analysis using 
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the same control panel, if images are not satisfactory in terms of lateral resolution or counts 

statistic. 

 

 
Figure 53:(near) real-time maps creation using in-house programmed analysis software. 

 

Analysis software is also supplied with a second panel “image editing”, for the images 

elaboration. This control panel allows the image graphical processing during or at the end of 

imaging procedure. Intensity (or float) maps are converted in 0-255 range grayscale images, 

having the possibility to change graphical settings as colormap, contrast and brightness, 

resizing, etc.. In addition, arithmetic and logical operations can be applied to the images for 

subtracting noise or contaminations and also eventual systematic shift correction can be 

done, as is shown in Figure 55. However, shift pixel effect occurs especially when a fast 

acquisition is performed as result of a systematic errors between axes sensors and acquisition 

system [231]. 
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Figure 54: shift correction of images in live mode. 

 

The correlation of several maps in a Red-Green-Blue (RGB) composite images highlights 

the presence of two or more chemical elements in the same area, as shown in Figure 56. In 

several cases, RGB maps correlation is a useful analysis tool for facilitating identification of 

pigments or canvas preparation. The analysis software allows to combine up to three maps 

in a single RGB image from the “RGB correlator” panel and up to nine maps using “Color  

XRF Image” panel. 

 

 
Figure 55: RGB composite image. 
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The last software panel: “spectrum”, visualizes the sum spectrum in live mode. It is obtained 

as sum of pixel-spectra recorded on the entire scanning surface. In combination to the sum 

spectrum, in order to identify better the low concentration elements, spectrum of maxima is 

calculated as showed in Figure 57. In particular, spectrum of maxima is obtained by setting 

the value of each channel to the maximum value of this channel in the whole scan data. In 

this way, also elements distributed on few pixels emerge and can be clearly distinguished, 

generally they are not well visible in the sum spectrum, because covered from higher 

concentration elements. 

 

 
Figure 56: sum spectrum and spectrum of maxima calculated in live mode. 

 

Analysis software allows to save spectra and images, including graphical changes and shift 

correction, in several graphical file format. For RGB images, the software automatically 

correlates the maps with all other. Finally, an image.edf file is created at the end of analysis, 

where all images are included, so maps are available for a further post-processing without 

the needs of a new fitting procedure of spectra. 

 



 

 
 

Chapter 4 

MA-XRF cases-study 
 

The analytical capabilities of the scanner have been verified in a number of case-studies in 

collaboration with Museums and for which the device has been used in situ. This Chapter 

discusses MA-XRF technique applied for studying three different typologies of artworks: 

(1) the “Paston Treasure”, a mid-1670s oil on canvas painting, allocated at the Norwich 

Castle Museum (UK); (2) a painted wooden coffers belonging to the funerary collection of 

the tomb of Kha and Merit (1549-1292 BC) at the Museo Egizio in Torino (Italy); (3) an 

illuminated manuscripts of Italian provenance, manufactured in the 14th century, belonging 

to the collection of the Fitzwilliam Museums (Cambridge). Experimental measurements and 

analytical results will be presented and discussed. 

 

 

4.1. The Paston Treasure: origin and art history 
 

The Paston Treasure is one of the most important artwork in the history of British Art. The 

painting in Figure 57 is an oil on canvas of 165 x 246.5 cm2 dimensions; it belongs to the 

collection of Norwich Castle Museum and Art Gallery in Norwich (UK).  
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Figure 57: Paton Treasure, oil on canvas, 165 cm x 246.5 cm, Norwich Castle Museum. 

 

The painting was commissioned by Sir Robert Paston in the mid-1670s and depicts objects 

from the family's collection. It is likely that the painting was made by a Dutch artist visiting 

Oxnead Hall, the Paston family home in Norfolk, because the painting fits into the tradition 

of Dutch and Flemish still life painting. The painted objects belong to the collection gathered 

by Robert and his father, Sir William Paston, during the long journeys through Europe, Cairo 

and Jerusalem. This collection consisted of over 200 objects and included many sculptures, 

gems, gold and silver artworks, enamels and natural history specimens. The collection was 

sold shortly after that the painting was finished due to the Paston failing and many of these 

objects were dispersed in museums around the world and private collections. Apart from its 

visual beauty and thematic complexity, its importance lies in the interest of the objects 

portrayed, reflecting both exotic nature and the skills of man of that period. 

The painting contains many symbolic details with the intent to transmit the Paston family’s 

learning and wealth and at the same time of revealing the meaning of the fragility of life. 

The richness is represented through the gold objects and silverware; further, intricately made 

vessels were high fashion items. The young girl wears silk dress trimmed with gold raid and 

jewels. The young unknown man, is the earliest portrait of an African in Norfolk by almost 

200 years. He is a slave and wears an exotic version of classical Roman dress. His silk tunic, 

pearls, emeralds, rubies and garnets, underlines the wealth of their ‘owners’. Chinese 

porcelain and exotic pets, as well the ostrich eggs and shells emphasize the international 

connections of Pastons and their opening to the influence of the modern science emerging 

in that period. 

However, the “death” is the central theme of the picture. The young girl in the central part 

of composition is Mary Paston, Robert and Rebecca Paston’s younger daughter, prematurely 

died in 1676 of smallpox. She is holding roses, frail emblems of human life, and a songbook, 

on which the words are, scarcely legible, are referenced to death. The clock and the hourglass 
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are positioned close her figure together with the extinguished candle. The lute has a broken 

string, and the instruments lie unplayed, these symbolize the silence and the death. Probably, 

the painting was started and the Mary Paston death while it was being painted altered its 

artistic intent. 

 

4.2. In situ non invasive MA-XRF investigation 
 

The research activity for the investigation of the Paston Treasure was carried out in 

collaboration with the Fitzwilliam Museum (Cambridge, UK), the Yale Centre for British 

Art (USA) and the Norwich Castel Museum an Art Gallery (Norwich, UK). MA-XRF 

measurements were performed in situ and they employed five days in total. 

In order to cover the entire 246 x 165 cm2 surface of the painting, the full area has been 

analyzed in six sub macro areas. Continuous scans were performed along the X direction at 

a scanning speed of 50 mm/sec and with a fixed step-size of 500 µm along the Y direction. 

These parameters correspond to a dwell time per pixel of 10 ms. The bottom part of the 

painting was investigated at 100 mm/sec along X. The pixel size of the mapping for the 

bottom part was 500 µm (dwell time per pixel 5 ms). 

The time for covering each top sub-part (100 x 67 cm2) was about 7.5 hours; the analysis of 

the bottom part at 100 mm/sec was 4 times shorter. Figure 58 shows the mosaic of all sub-

areas in a RGB composite image (R: Hg-L - G: Cu-K- B: Co-K) distinguishing between the 

upper and central part analyzed at 50 mm/sec scanning speed and the bottom part of painting 

investigated at 100 mm/sec: 

 

 

 
Figure 58: RGB composite image of the entire surface of painting subdivided in five sub-

areas during the measurements. 
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The painting was positioned at a distance of about 1.5 cm from the spectrometer head, 

corresponding to a beam size of 500 µm. The high resolution images were elaborated in real-

time by using the in-house programmed software described in Section 3.10, Chapter 3. 

 The dynamic correction of the sample distance was not operated due the small curvature of 

the canvas. However, the laser system has been used during scan for controlling the 

preconfigured safe distance (0.8 cm) of the painting from the instrument. X-ray tube was 

operated at 35 kV and 0.35 mA. The detection system parameters were selected at 1.5 µs 

peaking time and 0.2 µs flat top, corresponding to an energy resolution of 160 eV. In Figure 

59 is showed the MA-XRF scanner in execution. 

 

 

 

Figure 59: MA-XRF measurement on the Paston Treasure. 

 

 

Cumulative spectrum and the spectrum of maximum pixel, Figure 60 and Figure 61, show 

the main elements of the pigments palette of the artist, predominantly calcium (Ca), tin (Sn), 

iron (Fe), copper (Ca), lead (Pb), mercury (Hg) and arsenic (As) and cobalt (Co). The 

elemental distribution images obtained during the scanning of the painting are discussed in 

detail in the next paragraph. 
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Figure 60: sum spectrum measured on the entire painted surface. 

 

 

Figure 61: spectrum of maxima measured on the entire painted surface 

 

4.2.1 Elemental distribution images 
 

The elemental images highlight the chromatic complexity of the painting and the accurate 

research of the artist in the use of the pigments and in their mixture. The objects have been 

depicted with richness of particulars for reproducing their ornamental features and to confer 

as much possible their realistic aspect to the observer. The pigments have been combined 

for giving the light and shadow effects, the colour brilliance and a three-dimensional vision 

of the objects by means a meticulous creative process. Further, some colour shades that 

appear close optically reveal a different chemical nature underlining the artistic choices of 
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the painter in the creative development of the artwork. The main elemental images that 

characterized the artist palette are following reported. 

 

4.2.2 Canvas preparation and white pigments 
 

The uniform distribution of lead (Pb-L), showed in Figure 62, suggests that lead white 

(2PbCO3·Pb(OH)2) was used as canvas ground [232-234].  

In addition to this, the artist used a Pb-based pigments to paint as for example the monkey 

on the servant’s shoulder (1), the big shell on his left (2), the skin tones of Mary Paston 

(Robert Paston’s younger daughter) (3), the music book (4), the globe (5), and the inner part 

of the wall clock (6).  

In these white painted areas, the major abundance of lead is not well contrasted in the map 

due to the presence of the same pigment used as ground and being the information of the 

MA-XRF scanning integrated long pictorial layers.  

A similar analytical result was obtained for calcium providing as in the case of lead a white 

coloration. This aspect is more clearly visible in the composite image (Red: Pb-L - Blue: Ca-

K) in Figure 63 , where the distribution in blue includes both the uniform ground layer as 

well as the white painted areas, as for example the numbered figures 1-6. The areas in 

magenta (Red + Blue = Ca-K + Pb-L) characterize the distribution of the calcium-based 

pigments applied on the ground of the canvas. Finally, the calcium-based pigments, 

commonly in the form of calcium oxide (CaO), calcium carbonate (CaCO3) or gypsum 

(CaSO4 2H2O), have been employed predominantly by the artist as whitening for creating 

the evident effect of light and shadows present in the composition, [235]. Figure 64 shows 

the grayscale Ca-K map. 
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Figure 62: Pb-L image and some painting details where lead white was used (1-6). 

 

 

Figure 63: Blue: Pb-L - Red: Ca-K composite image. 
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Figure 64: Ca-K distribution image. 

 

 

4.2.3 Red pigments 
 

The red pigments are characterized by the presence of mercury, identified in the use of 

cinnabar (HgS) (used from ancient time) or most probably in its artificial variety, the 

vermilion, produced in the 8th century and used until 19th century.  

In the painting, the red vermilion was used both in the pure form, as for example for painting 

the food (oranges, lobster, grapes) (1) and also it was added to the lead white for conferring 

the rose-coloured shades as for the skin tones of the young girl (2). In addition, it was used 

with iron-based pigments for the warmest reddish-brown tones as for the chair on the right 

of painting (3) [236]. Figure 65 shows the Hg-L map and its correlation with lead white 

(Red: Hg-L, Blue: Pb-L) and iron (Red: Hg-L, Blue: Fe-K) in the composite images related 

to the area 2 and 3 of the painting.  

However, some regions interested by the vermillion presence appear faded, deprived of its 

intense red natural colour. This is due to a greying effect corresponding to a degradation 

process. Despite, the vermillion is largely a permanent pigment, in the presence of hydrogen 

sulphides and sun light it reacts chemically and it converts into mercury chloride products. 

They form a thin superficial grey\black patina and sometimes physical degradation may take 

place as result of breakdown of the binding medium [237-240]. 

 

Ca-K 
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Figure 65: Hg-L image and composite images: (2) Red: Hg-L - Blue: Pb-L, (3) Red: Hg-

L - Blue: Fe-K. 
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4.2.4 Green and Blue pigments 
 

Copper distribution, showed in Figure 66 (Cu-K), characterizes the blue and green pigments, 

which can be either natural as malachite (Cu2CO3OH2), used until 16th century, and azurite 

(Cu3(CO3)2(OH)2), used until 18th century, or their synthetic equivalents green or blue 

verditer [241]. Beyond that, copper can be present in the green pigment verdigris, consisting 

of copper corrosion products, mainly acetates, used until 19th century [242], and copper 

resinate (Cu(C19H29COO)2), used from 15th century until 17th century [243]. However, a 

distinction between the different copper-based pigments by XRF alone is not possible, but 

addition information can be obtained by means of molecular spectroscopy. Copper based 

pigments were used to paint several figures as for example the foliage of fruits (1), the 

servant’s Roman-style dress on the left part of painting (2), the chair where the girl is seated, 

the parrot (3), the trumpet rope (4), the trunk on which are placed the hourglass and the 

candle (5) and some other details. All copper-based pigments are subject to oxidation 

processes by sunlight or by atmospheric conditions. They change in black or brownish by 

exposure to hydrogen sulfide present in polluted air [244, 245]. In the case of azurite, it can 

change from blue into green caused by an increased oxidation or into black due to the copper 

content oxidation [246]. Originally, the artist painted the image of foliage reflected in the 

mirror on the background of the composition (1), it appears visible, only, in the copper 

distribution image (see detailed Figure 66- 4), caused by oxidation that made it completely 

black. 
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Figure 66: Cu-K image and some painting details where copper was used (1-4). 

 

 

4.2.5 Brown pigments and ochres 
 

Brown colours and the warm red and yellow tones are based on natural earth pigments 

containing iron minerals (hydroxide and oxide), as showed in Figure 67 [247, 248]. 

Red ochres were used to paint the curtain on the background (1), the borders of the dress of 

the servant, the chair where the lute is placed. Darker tones tending to brown are used for 

the servant’s skin tone (2) and for the violin on the right (3), also for drawing the musical 

instrument, partially visible in the center of the composition. Yellow ochres with orange 

tonality have been used for painting the large table where the objects are collected, the hair 

of the girl, the wall clock (4) and the hourglass. In addition, iron-based pigments were used 

for creating the effects of light and shadows. 

1 Cu-K 
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Figure 67: Fe-K distribution image and some painting details where iron was used (1-4). 

  

 

4.2.6 Yellow pigments 
 

The lead-tin pigment (Pb2SnO4) (commonly employed from 15th to 17th centuries) 

characterizes the brilliant yellow tones tending to golden [249]. The distribution of the 

yellow pigment on the painted surface is identified only through the Sn-L elemental image, 

showed in Figure 68, because its correlation with lead, homogeneously present under the 

pictorial layers, does not provide any significant information to identification of the pigment. 

Lead-tin is largely distributed in the painting, it was used by the artist for drawing several 

details as the fruits (1), the silver-gilt objects (2), the curtain fringes (3), the lute (4), the 

globe support (5), and the trumpet (6). 
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Figure 68: Sn-L distribution image and some painting details where tin was used (1-6). 

 

 

4.2.7 Golden details 
 

In the painting, arsenic sulpfhide in form of orpiment (As2S3) (known from the antiquity 

and used until the 19th century) confers the optic gilding effect to the precious objects of the 

collection. Orpiment pigment characterizes the painting of smallest details, as it can be seen 

in the drawing of the shells mounted on precious handles and in silverware , in detailed 

Figure 69. Its use highlights the meticulous painting process and reveals the care of the artist 

in the reproducibility of particulars [250, 251]. 
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Figure 69: As-K image and some painting details where arsenic sulphide was used (1-7). 

 

 

4.2.8 Smalt 
 

MA-XRF analyses highlighted the presence of cobalt used for painting small grey-blue 

areas, as it showed in Co-K map in Figure 70. Among all known cobalt-based pigments 

compatible with the historical period of the painting, its usage is associated to the smalt 

presence, it consists of a finely blue potassium glass containing small amounts of cobalt 

oxide and used between 15th and 18th century [252-255]. In Europe, the use of smalt as 

pigment was widespread certainly as early as the late 16th century. The pigment was popular 

because of its low cost and its manufacture became a specialty of the Dutch and Flemish 
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artists in the 17th century. The distribution of smalt in the painting emerges in yellow areas 

(Red: K-K + Green: Co-K) of Figure 71, given by the combination of cobalt (in green) and 

potassium (in red) maps. It was used for painting small details of the amphora that the servant 

holds (1) and his belt (2), for decorating shells (3,4) , the grapes (5) and the Chinese porcelain 

where the lobster is placed (6). 

 

 

 

 
Figure 70: Co-K image and some painting details where smalt was used (1-6). 
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Figure 71: Red: Co-K and Green: K-K composite image identifies the presence of smalt 

in the yellow areas. 

 

 

4.2.9 Lake pigments 
 

In addition, the presence of potassium has been revealed in other areas of the painting not 

correlated to the cobalt distribution, as it can be observed in Figure 71. In European easel 

paintings from the 12th century or earlier until the end of the 18th century, it is known that, 

apart from the dyestuff, by far the most common ingredient was potash alum or potassium 

aluminium sulphate (KAl(SO4)2·12H2O). It is a metallic salt used as a reagent to form a 

substrate for the dyestuff. It is inert, colourless, chemically neutral and insoluble in the liquid 

medium. Alum is also indicated as lake pigment§, used in oil painting to produce effects of 

richness and depth over the opaque pictorial layers. In addition, by changing pH of the alum-

based solution, a weak difference in the hue of pigments can be obtained. 

 

4.2.10 The mysterious overpainted figure 
 

A previous analysis based on X-ray radiography (XRR) highlighted the presence of an 

overpainted figure on the top-right part of the painting. The figure, placed under the pictorial 

layer between the clock and the hourglass, is painted half-length and it seems to look in 

towards the centre of the composition. Figure 72 shows the detail of the hidden figure 

unveiled by means XRR and MA-XRF analysis.  

                                                 
§ Lake pigments: any of various pigments prepared from animal, vegetable, or coal-tar colouring matters by 

chemical or other union with metallic compounds. 

 K-K 
 Co-K 
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Probably the original drawing was left incomplete and later covered due to an emphasis 

change of the artist or under a precise choice made by the Paston family. Art conservators 

and specialists speculate various theories concerning her attribution: probably she was the 

Robert Paston's elder daughter, who scandalized her family by eloping with an unsuitable 

man or was the Paston's wife, Rebecca. Further, its position collocated outside of the 

composition has been considered unusual from experts. 

MA-XRF analysis provided information about the original colors of the hidden figure by the 

determination of pigments nature, not accessible by XRR imaging. In addition, MA-XRF 

technique allowed unveiling several particulars of dress and combing, useful for attributing 

of the identity of the woman. In particular, MA-XRF elemental images make visible the 

figure through the correlation of vermillion red pigment (Hg-L) used for drawing the skin 

tones, copper green or blue pigments (Cu-K) for the drape dress and blue smalt containing 

cobalt (Co-K) for the floral ornament of hair, as showed in the RGB composite image in 

Figure 72. 

 

 

Figure 72: hidden woman unveiled by previous XRR and MA-XRF analysis.  
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4.3. The Tomb of Kha and Merit (1428-1351 BC) 
 

The tomb of Kha and Merit, dated back to the 18th Dynasty (1549-1292 BC), was found in 

1906 during excavations in the north of Deir el Medina. It belongs to a wealthy married 

couple: Kha, the architect-in-chief of the pharaoh Amenhotep III [256], and his wife Merit 

[257-259]. Contrary to that of Nefertari, the tomb is one of very few known examples of 

Egyptian tombs never depredated before its discovery. Therefore, it was found intact and 

full of all the rich grave goods, which, according to the Egyptian cult, accompany the 

deceased in the afterlife. 

Funeral collection include, besides the sarcophagi of Kha and Merit, daily objects such as 

tunics, robes, furniture, bath items for the personal care, beauty objects, jewelry, food 

remnants and several instruments that Kha used for his job. Also, in the tomb was found a 

papyrus containing formulas of the Book of the Dead. The entire collection is exposed in the 

Egyptian Museum in Turin and it has never been subjected to scientific analyses. 

Egyptian paintings and writings are fascinating and complex materials to be investigated. 

Very often, the use of color is associated to symbolic meanings, especially when painted 

objects concern religious or mortuary use. From the technological point of view, various 

pigments and painting techniques were developed over a long period for decorating different 

supports (wood, papyri, stones, cloth, etc.) [260, 259]. 

In the course of the research activity, MA-XRF technique has been applied to the study of 

four painted wooden coffers (S.8212, S.8213, S.8613, S.8440), they are showed in Figure 

73. The artworks belong to the funeral collection of Kha and Merit and they were used as 

toilette objects for containing both ointments and creams for the personal care and linen 

underwear. The coffers are of different shapes with flat lid or gabled and decorated along 

the sides with floral motifs, geometric designs or with scenes of daily life. Among the 

analyzed wooden coffers, only one is decorated with geometric motifs, while the remaining 

three describe offer's scenes devoted to the architect and his wife depicted in front of a 

sumptuous table. 

MA-XRF imaging allowed to reveal the pigments palette and provided important 

information concerning the painting technique. Further, MA-XRF maps have allowed the 

identification of changes introduced during the creation of the work and the visualization of 

original written texts, not more readable due to degradation processes occurred over the time. 
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Figure 73: the painted wooden coffers analysed by MA-XRF at the Egyptian Museum 

(Turin, IT) (Kha and Merit tomb, New Kingdom, 18th Dynasty). 

 

 

4.4. MA-XRF analysis on Egyptian wooden coffers 
 

MA-XRF analysis on painted wooden coffers were carried out in situ in the context of a 

collaboration with the Egyptian Museum in Turin (Italy). The lateral surfaces of wooden 

coffers (35 × 45 cm2) have been analyzed in a single scan of a duration of 3 hours. 

Continuous scans were performed along the X direction at a scanning speed of 17 mm/sec 

and a fixed step-size of 500 µm was selected along the Y direction. These parameters 

correspond to a dwell time per pixel of 30 ms. Different scanning parameters have been used 

for the investigation of artwork S.8440. Its painted surface has been analyzed in less than 1 

hour, at a horizontal scanning speed of 50 mm/sec (X direction), corresponding to 10 ms of 

dwell time per pixel and a fixed step-size of 500 µm in the Y direction. MA-XRF scans were 

performed with a beam size of 500 µm by positioning the painted surfaces at 1.5 cm from 

the spectrometer and the elemental maps have been created in real-time by using the in-

house programmed software (see Section 3.10, Chapter 3). During acquisition, the laser 

system was operated for controlling the preconfigured safe distance sample-spectrometer 

(0.8 cm) and the measurements were performed at 36 kV X-ray tube voltage and 400 µA 

current. The mapping was obtained with an energy resolution of 160 eV based on the selected 

S.8212 

S.8440 S.8613 

S.8213 
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detection parameters (1.5 µs peaking time and 0.2 µs flat top). Figure 74 shows the XRF 

scanner during the acquisition. 

 

 
Figure 74: MA-XRF scanner in execution installed at the Egyptian Museum. 

 

 

4.4.1 Elemental distribution images 
 

This section presents the elemental images obtained by the MA-XRF analysis operated on 

the coffer S.8613 (see Figure 75). The original pigments characterizing the artist’s palette 

and the creative process are discussed. In addition, a different use of materials and 

differences in the painting technique emerged from the comparative studies with the other 

artworks (S.8212, S.8213, S.8440) that were analyzed in the same measurements campaign. 

The painted scene of the wooden coffer (Figure 75) depicts Kha and Merit seated in the act 

of receiving an offer in front of a round table on which triangular breads, vegetables and 

fruits are placed. The chair with lion's paws of the deceased is placed on a pedestal decorated 

with vertical bands. Kha and Merit wear a long transparent tunic; Kha keeps, with his hand 

a lotus flower, while Merit an object no longer identifiable. Under the chair are painted a 

mirror and an ointment vase. On the opposite side of the scene, there is a pair of bidders: a 

young woman, dressed in a long white dress, and a young man wearing a white kilt. The two 

young figures could be the sons of Kha and Merit, or they may be a sister and her husband. 

The woman raises a jar libation to purify the offers, the man holding a lotus flower as symbol 

of rebirth. At the top of the scene are painted seven columns of hieroglyphics inked in black 

and separated by vertical red stripes.  
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Figure 75: painted surface on wooden coffer (S.8613-New Kingdom, 18th Dynasty) 

analysed by MA-XRF technique at the Egyptian Museum (Turin, IT). 

 

The chemical elements composing the pigment materials in the painting are evidenced in the 

sum spectrum and in the spectrum of maxima in Figure 76and Figure 77. In particular, 

sulphur (S), calcium (Ca), iron (Fe), copper (Cu) and arsenic (As) are present with major 

abundance, and also traces of manganese (Mn) and strontium (Sr) have been detected, while 

other minor elements as silicon, potassium and titanium come from the raw materials used 

for manufacturing pigments and from wooden support itself [261]. 

These elements are the basis of the pigment palette used by artists in Egypt at the time of the 

18th Dynasty (New Kingdom, c.1549–1292 BC) as summarized in Table 10 [262].  

 
Figure 76: sum spectrum of the entire painted surface. 
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Figure 77: spectrum of maxima of the entire painted surface. 

 

 

Colour Pigments Chemical formula Egyptian period (from/until) 

Blue 

Lapis lazuli (Na,Ca)4(Al,SiO4)3(SO4,S,Cl) 
doubtful identification in the 18th Dynasty (1549-

1292 BC) 

Egyptian 

blue 
CaCuSi4O10 

from the 5th Dynasty (c. 2750–2625 BC) until the 

Roman period 

Azurite 2CuCO3-Cu(OH)2 

from the 4th Dynasty (c. 2613 to 2494 BC) until 

the 18th Dynasty (1549-1292 BC)- needs 

confirmation 

Green 

Egyptian 

green 

in some cases, is a greenish shade 

of Egyptian blue, but more often it is 

a mixture of Egyptian blue 

(CaCuSi4O10) with yellow ochers 

(FeO(OH)) 

from the 6th Dynasty (c. 2345 – 2181 BC) until the 

20th Dynasty (1189−1077 BC) 

Malachite CuCO3-Cu(OH)2 (use rare) 
From the Predynastic Period (4400 BC) until the 

Roman Period 

Red 

Red 

Ochres 
Fe2O3 (hematite) 

from the Predynastic period until the Roman 

period 

Madder C14H8O4, C14H8O5 
the 18th Dynasty (1549-1292 BC) to the Roman 

period 

Yellow 

Yellow 

ochres 
FeO(OH) 

from the Predynastic period until the Roman 

period 

Orpiment As2S3 
from the 4th Dynasty (c. 2613 to 2494 BC) until 

the 12th century (Medieval) 

Realgar AsS or As4S4 
from the 5th Dynasty (2498–2345 BC) until the 

Late period (343 BC) 

Jarosite and 

natrojarosite 
KFe3(SO4)2(OH)6 

from the 3rd Dynasty (c. 2686 – 2613 BC) until the 

Roman period 

White 

Chalk CaCO3 
from the 3rd Dynasty (c. 2686 – 2613 BC) until the 

12th century (Medieval) 

Gypsum CaSO4-2H2O (very common) 
from the 3rd Dynasty (c. 2686 – 2613 BC) until the 

12th century (Medieval) 



Chapter 4. MA-XRF analysis on Egyptian wooden coffers 

121 
 

Table 10: Main inorganic Egyptian pigments used in the 18th Dynasty (New Kingdom). 

 

 

4.4.2 Ground layer and white pigments 
 

Natural calcium carbonate pigments (or calcite, CaCO3) [263], calcium sulfates, as gypsum 

(CaSO4.2H2O), and anhydrite (CaSO4) obtained by heating gypsum to 200°C, were 

extensively known from Egyptians as white pigments [264, 265]. They were combined with 

gum Arabic or animal glue as binder. Further a fourth white pigment, unknown to modern 

science until 1953, was discovered to be present in the Egyptian palette: the huntite. It is a 

mineral magnesium calcium carbonate (Mg3Ca(CO3)4) that was found in papyri and 

wooden coffins [266- 268], statues, sculptures and other wooden objects [269, 270].  

Huntite was preferred for its bright white colour that reflects light from the paint giving it 

more colour saturation and brightening. It was also used as a pigment underlayer covered 

with red and yellow ochres. The use of huntite became predominant in the New Kingdom 

(18th - 20th Dynasty, 1549- 1077 BC) [271] and in the same period, sulfates and carbonates 

white pigments have been declined.  

Due to the low emission energy at 1.25 keV Mg cannot be detected with MA-XRF set-up 

used during the measurements,  

However, the discrimination between white pigments by the only calcium detection is not 

possible and additional information is needed in order to assess the nature of the white 

ground.  

In the painting, the calcium-based pigments were most likely used in a pure form as white 

pigments in the painted scene or in the preparatory layer (ground), as it emerges in the Ca-

K map in Figure 78. In particular, the calcium-based pigments characterize the drawings of 

the white robes and kilts of the characters of the scene (1), the contours of the chairs of Kha 

and Merit, the skin tones of the standing female figure (2) and some food (3) in the 

Huntite Mg3Ca(CO3)4 (less common) 

4th Dynasty (c. 2613 to 2494 BC) and 6th Dynasty 

(c. 2345 – 2181 BC), also from the 11th (2025 − 

1991 BC) until the Ptolemaic Period (305–30 BC) 

Anhydrite CaSO4 (less common) 
from the 5th Dynasty (2494 – 2345 BC) until the 

Roman Period 

Black 

Carbon 

black 
C 

from Predynastic Period (3500 BC) until the 

Roman Period 

Pyrolusite MnO2 (use rare) 
from the 1th Dynasty (3100 – 2890 BC) until the 

18th Dynasty (1549-1292 BC) 

Binder 

Beeswax myricyl palmitate C15H31COOC30H61 
from Predynastic Period (3000 BC) until the 

Roman Period 

Egg  
from the 18th Dynasty (1549–1292 BC) until 

Roman period 

Glue  
from Predynastic Period (3000 BC) until the 

Roman Period 

Gums  
from the 11th Dynasty (2025 − 1991 BC) until 

Roman period 

Varnish Bitumen hydrocarbon 
from the 18th Dynasty (1549–1292 BC) until not 

know 
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composition. Calcium is also present in the Egyptian blue pigments as it will be showed in 

the next paragraph 4.4.3. 

 

 

 
Figure 78: Ca-K distribution image. 

 

The analysis of XRF spectra (see Figure 76 and Figure 77) reveals the presence of strontium 

usually associated to calcium as impurity. However, previous scientific works evidenced the 

use of celestite (4SrSO4) (sulphate) or strontianite (4SrCO3) (carbonate) as pigment 

materials in ancient Egypt [272, 273]. In this case strontium is associated with calcium in 

the ground layers and whites, as it is observable from the correlated distribution plot in 

Figure 79. 
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Figure 79: Red: Ca-K and Gree: Sr-K composite image. 

 

MA-XRF analyses carried out on other wooden coffers (S.8212, S.8213, S.8440) have 

revealed the presence of calcium-based pigments used as ground of the painting. The Ca-K 

distribution resulting from the analysis of S.8212, S.8213, and S.8440 coffers are showed in 

Figure 80. In the same way, the analogous strontium distribution has been identified in 

combination with the calcium distribution. 

 

 

Ca-K 

Sr-K 

Ca-K maps 
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Figure 80: Ca-K images obtained from the MA-XRF analysis on the artworks S.8212, 

S.8213, and S.8440 (from top to bottom). 

 

4.4.3 Blue pigments 
 

Copper distribution in the coffer (Figure 81, top), characterizes the intense blue coloration. 

It appears in the geometric decorative motif on the upper part of the coffer (1) and in the 

pedestal on which Kha and Merit are depicted, in the hair of the characters and the hair 

ornament of the female figures (2); also it is present in the lighter blue tone used for painting 

the food and the lotus flower kept from Kha (3).  

The presence of copper may be attributed to the use of Egyptian blue (CaCuSi4O10 or 

Cuprorivaite) [274-280, 260] or Azurite (2 CuCO3 · Cu(OH)2) [260]. Both pigments were 

employed since the 4th /5th Dynasty (c. 2639 to 2504 BC) in Ancient Egypt. However, the 

presence of calcium in combination with copper suggests that Egyptian blue is present in the 

painting [281]. Although, the natural mineral Azurite is among the first blue pigments used 

in the history, soon thereafter Egyptians manufactured Egyptian blue. It is considered the 

first synthetic pigment, largely used for 3000 years for decorating wood, papyri, stone, 

cartonnage, stucco, plaster, and metallic objects.  

In Figure 81 (bottom), the magenta areas of the composite image between Ca-K (red) and 

Cu-K (blue) identifies the Egyptian blue distribution on the painting. 
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Figure 81: (top) Cu-K image and some painting details where copper-based pigments were 

used, (bottom) the Red: Ca-K –Blue: Cu-K composite image identifies the Egyptian blue 

presence. 

 

 

In addition, copper has been detected in different areas of the painted surface. The 

comparison between the XRF spectra taken in three different white and yellow painted areas 

(20×60 pixels) of the painting (area 1-3 in Figure 82) shows a small content of copper. 

Probably, it indicates that Egyptian blue was used in combination with other pigments: 

orpiment in the yellow area and gypsum in the white area for giving the final desired 

chromatic effect. Further, the higher presence of silicon in the blue area (area 3) is also 

associated to the Egyptian Blu as evidenced in the chemical formula of the cuprorivaite 

formula above mentioned.  

Ca-K 
Cu-K 

Cu-K 
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Figure 82: comparison between XRF cumulative spectra taken in three different areas of 

the painting (area 1-3). 

 

 

Several studies report that Egyptian blue was also used for the greenish tones in a mixture 

with yellow ochre. However, identification of green Egyptian pigments is a quite complex 

task. Several green pigments, based on the presence of copper, have been used since the 4th 

Dynasty. As an example, MA-XRF analysis has revealed the presence of copper in a green 

decorations of S.8440 coffer. The nature of this pigment is not possible by using the alone 

elemental analysis. The un-correlation between calcium and copper in Figure 83 

demonstrates only that this green pigment is not a mixture of a yellow pigment with Egyptian 

Blue. 
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Figure 83: Ca-K (red) - Cu-K (blue) composite image (artwork S.8440) 

 

 

4.4.4 Reddish-brown pigments 
 

The reddish coloration is characterized by the presence of iron oxides or ochres [282, 264]. 

Their use is dated back from the 4th Dynasty (c. 2613 to 2494 BC) and it extends through to 

the Late period (664-332 BC). Red ochres are by far the most commonly reported red 

pigment in ancient Egypt, they generally contain a varying amount of iron oxide in several 

mineral forms as goethite (FeO(OH)), limonite (FeO(OH)-nH2O) or haematite (Fe2O3). 

However, the red colour is conferred by the dominant presence of hematite. 

In the painting, iron-based red pigments are present in the geometric decoration on the top 

part (1) and in the pedestal where Kha and Merit are drawn, they appear in the thin brown 

strokes for decorating the pattern on the lateral frame and in the red stripes that separate the 

hieroglyphics (1). Further, the artist used red ochres for drawing the profiles of the figures 

in the composition and other pictorial details like some foods on the table (2). 

The brown tones are associated to the use of umbers or burnt ochre (iron oxides) [264]. 

However, studies carried out over the time have identified the browns obtained as red ochre 

painted over black [282] or as a varnish over a deep yellow ochre [276]. Other studies report 

the use of brown on one early 18th Dynasty (1549-1292 BC) papyrus as a mixture of hematite 

(Fe2O3) with orpiment (As2S3) and carbon black [276], while on a 19th Dynasty (1292–

1189 BC) papyrus was found as mixture of realgar (AsS or As4S4) and hematite [283]. In 

particular, browns characterize the reddish-brown skin tones of the male figures (3). 

However, iron-based pigments have been blended with orpiment (see paragraph 4.4.5-

yellow pigments paragraph) with different compositions for giving the different shades of 

color from yellow to reddish brown through dark yellow.   

Ca-K 

Cu-K 
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Figure 84: Fe-K distribution image and some painting details where ochres were used. 

 

 

Table 11 reports the As-K/Fe-K net counts ratio calculated in the different areas of the 

painting (see correlated figure) where different chromatic shades were obtained by mixing 

different quantities of arsenic and iron-based pigments. In Figure 85 are showed the 

normalized cumulative spectra recorded on the area 1 (reddish-brown pigments) and area 3 

(dark yellow pigments), in order to appreciate the different intensity peaks correlated to 

concentration of arsenic and iron respectively. 
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Sub-area/pixel size Coulor Fe-K 

(counts) 

As-K 

(counts) 

As-K/Fe-K 

 

Area 1-50×50 pxls Reddish-Brown 6.3E+05 6.3E+05 1 

Area 2-160×40 pxls Dark Yellow 2.8E+05 5.7E+06 20.3 

Area 3-160×40 pxls Dark Yellow 5.5E+05 1.1E+07 20.5 

Area 4-30×30 pxls Reddish-Brown 4.9E+04 1.1E+05 2.2 

Area 5-150×40 pxls Yellow 1.1E+06 1.9E+07 18.1 

Area 6-30×130 pxls Yellow 1.8E+05 2.3E+07 14 

Table 11: As-Fe K-lines ratio calculated in different sub-areas (1-3) of the painting. 

 

 
Figure 85: area 1 (right) and area 3 (left) normalized cumulative spectra. 

 

 

The same technique that sees the mixture of ochres and orpiment for creating the yellow-

reddish-brown tones was also found in other analyzed wooden artworks. The cumulative 

spectra, showed in Figure 86, related to the area 1 and 2 of artwork S.8212 identify, anew, 
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the combination of two pigments. Finally their mixture is also used in white and blue areas, 

as it can be seen in the spectra of Figure 82, specifically for giving a chromatic effect. 

 

 
 

 
Figure 86: cumulative spectra in two different areas (1-2) of the artwork S.8213. 

 

 

 

4.4.5 Yellow pigments 
 

The correlated distribution of arsenic (As-K) and sulfur (S-K) (Figure 87), has to attribute to 

the presence of orpiment (4As2S3) used as yellow pigment. Orpiment, named also King's 

yellow, was employed starting from the 4th Dynasty (c. 2613 to 2494 BC) in Egypt and 

mostly identified as a sole pigment in coffins dated from the New Kingdom (18th – 20th 

Dynasty) to the end of the third intermediate period (21st – 25th Dynasty) [284-286]. 

However, it is possible to associate the yellow coloration to realgar (As4S4), a bright orange-

red mineral composed of arsenic di-sulfide, often found with orpiment. 

Realgar has never been observed as Egyptian pigment before the New Kingdom, however 

its presence could be associated to pararealgar (AsS), a light induced alteration product of 

realgar [249, 287-290]. 
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In the painting, orpiment or generically arsenic sulfides combined to ochres has been 

identified in background of the scene, in the dark yellow/brown skin tones of the male 

characters, in the geometric decoration on the top and in the Merit’s face tones.  

 

 

Figure 87: Red: As-K – Green: S-K composite image. 

 

4.4.6 Black pigments 
 

In the painting several details are painted in black as the hair of the characters, the 

hieroglyphics in the upper part, the chair of Kha and Merit, the table (see Figure 75). 

However, the organic nature of the pigments does not allow their identification by XRF. 

Commonly, carbon black pigments including various pigments as lampblack, charcoal black 

and bone black, were extensively used in ancient Egypt. They are derived from a partial 

carbonizing of natural gas, fats, tar, oils, wood, animal’s bones, resins and other organic 

materials [291-293, 285, 264]. Further, a rare use of pyrolusite, (MnO2) was identified 

starting from the 12th Dynasty (1991 − 1802 BC) [294, 264, 291]. 

In the coffer in exam, the artist used the manganese black only in correspondence to very 

small areas: the lower symbol of the first visible column of hieroglyphs and two short strokes 

in the body profile of the standing male figure, as it can be seen in the detailed Figure 88. 
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Figure 88: Mn-K image. 

 

 

However, the alternation of manganese black and black pigments of organic nature has been 

also found in MA-XRF maps obtained by investigating the other decorated coffers. 

In the painted surface of the S.8212 artwork, the manganese distribution image (Figure 89-

green) shows how the manganese-based black has been widely used for painting the 

hieroglyphic inscriptions, the profiles of figures, and also small decorative details of the food 

emerge in the map. This result reveals interesting aspects concerning the creative process 

operated by the artist and it suggests new questions to be investigated. For example, it is not 

clear if the alternation of the two blacks can be attributed to the more practical motivation 

correlated to the availability of material or to a specific intent of the painter, perhaps 

attributable to a pure aesthetic needs and subordinated to the chromatic difference that the 

two different pigments exhibit. In Figure 89 are also combined the calcium (red) and copper 

(blue) maps.  

Manganese as black pigment was also found in a second coffer (S.8213), on which, in 

addition to the drawings of outlines of the figures, it has been employed for the lateral 
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decorations that reproduce the grain of the wood. The choice of this type of drawings that 

meet the nature of the pictorial support material expresses the particular aesthetic taste of the 

artist. The composite image Red: Fe-K- Green: Mn-K- Blue: Cu-K is showed in Figure 90. 

Finally, the MA-XRF analysis on the coffer S.8440 did not reveal the presence of manganese 

black. All black decorations are of organic nature. However, it was possible to unveil the 

vertical inscription of hieroglyphics at the centre of the painting, as will be shown in the next 

section. 

 

 

Figure 89: Red: Ca-K – Green: Mn-K – Blue: Cu-K composite image (artwork S.8212). 

 

Figure 90: Red: Ca-K – Green: Mn-K – Blue: Cu-K composite image (artwork S.8213). 

 

 

4.4.7 “Pentimenti” of the original painting and hidden inscriptions 
 

MA-XRF technique has allowed to unveil hidden details not visible to naked eye.  

In particular, the composite Red(As-K)-Green(Fe-K map), in Figure 91, exhibits the 

presence of some modifications to the original drawing compared to the final composition 

(Figure 75). Initially, the artist painted the lotus flower, kept by the man on the left, as a 

long-stemmed flower, later it was covered and made uniform with the background (1). In 
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addition, the artist introduced on the table a third food, visible in the calcium map, but 

initially not present in the preparatory drawing, that isolates the figures of the composition 

from the background layer (2). Finally, the Kha arm that holds the flower was painted 

initially in a different position, and after modified (3).  

Further, MA-XRF analysis provided important information by revealing the vertical 

inscription of hieroglyphics on the painted surface of the coffer S.8440, of which only a few 

traces remain visible to naked eye. 

It is presumable that the black inscription was written by using carbon-based pigments, of 

which the organic nature does not allow to identify them by XRF. Nevertheless, the hidden 

text has been made readable by selection of the region-of-interest (ROI) corresponding to 

the Compton peak of the XRF spectrum that facilitates the visualization of the organic 

pigments. The inscription appears visible in the copper map; how to indicate that probably 

Egyptian blue was also used in the decoration. Figure 92 shows the copper image and the 

map obtained by the Compton scattering peak selection. 

 

 

Figure 91: modifications to the original drawing visible in the Red: As-K – Green: Fe-K 

composite image. 
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Figure 92: hieroglyphic inscription visible in the ROI-Compton scattering peak and Cu-K 

maps. 
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4.5. Illuminated Manuscripts 
 

The third typology of artwork studied within the present PhD project concerns the study of 

illuminated manuscripts belonging to the Fitzwilliam Museum collection (Department of 

Manuscripts and Printed Books, Cambridge, UK) [295-297, 67]. Illuminated manuscripts 

are hand-written books with painted decoration that generally includes precious metals such 

as gold or silver. They were produced between the 13th and 15th centuries, in the monasteries. 

Contemporaneity, wealthy patrons also wanted these illustrative works for personal libraries 

and encouraged the formation of private workshops that flourished in French and Italian 

cities. Their decline coincided with the ability to produce printed text. 

In particular, MA-XRF analysis was carried out on the illuminated initials of the Choir 

Books, a sumptuous liturgical manuscripts, considered among the finest art works created in 

Florence between 1370 and 1506 [298]. They were written in the scriptorium of the 

Camaldolese monastery of Santa Maria degli Angeli (Florence) by successive generations 

of artists to be destined to the religious houses of Tuscany and Veneto as well as to the own 

community to be read by the monks during the religious celebrations.  

During the Napoleonic invasion of Italy (1797-1809), the volumes were mutilated, and some 

parts of the books separated from the original volumes, that now are found at the Biblioteca 

Laurenziana in Florence. Instead, the illuminated initials have been sold on the art market, 

and they are now dispersed among the public and private collections around the world.  

In this section it will be presented the MA-XRF analyses performed on one of the four 

initials: the parchment Marlay cuttings It. 13A “Presentation in the Temple”, that graced the 

pages of the earliest volumes. The parchment is shown in Figure 93. 

The illuminated fragment exhibits the historiated initial “S” that introduces the Mass for the 

feast of the Purification of the Virgin (which falls on February 2) in Corale 2, the remaining 

part of the book is today conserved at the Biblioteca Laurenziana in Florence. 

The parchment is one of the earliest works created by Don Silvestro dei Gherarducci, whose 

art was among the most recognized of that time and his illuminations are distinguished by 

the materials preciousness [299]. The artwork was executed between 1370 and 1375 at the 

Santa Maria degli Angeli monastery, where the artist led the scriptorium until his death and 

during which he handed down the art of miniature to the next generation of artists.  

After the volume splitting, the parchment was belonged to Sir Samuel Meyrick (1783-1848) 

and later to Charles Brinsley Marlay, who bequeathed it to the Fitzwilliam Museum in 1912. 

The painted composition is one of the typical medieval and Renaissance composition, it 

depicts the purification of the Virgin, indicated by the white dove in Joseph’s hands, and the 

circumcision of Christ. In the painted scene, the infant Christ is entrusted to Simeon and 

Anna from Joseph and Mary, and the priest behind keeps a knife in hand for the circumcision 

execution. The image reveals the style of the Sienese art of the 1300s particularly evident in 

the details of the tooled gold haloes, each painted with a different pattern (detail in Figure 

93 (1-2)). 
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Figure 93: (top) illuminated manuscript Marlay cuttings It. 13A “Presentation in the 

Temple (300 x 270 mm2, 1370-1375) painted by Don Silvestro dei Gherarducci (Florence, 

Italy). The manuscript belongs to the Department of Manuscripts and Printed Books of 

The Fitzwilliam Museum (Cambridge, UK); (bottom) detail of the tooled gold halos of 

Simeon (1) and the infant Christ (2). 
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4.6. MA-XRF analysis of miniatures 
 

MA-XRF analysis of illuminated manuscripts provided valuable information concerning the 

artist's manufacturing technique and its connections with other artist's workshops through 

the re-construction of its pigments palette. The research activity has been carried out in 

collaboration with manuscripts scholars and conservators of the Fitzwilliam Museum.  

Given the intrinsically high sensitivity of the artefacts to changes in environmental 

conditions, that can cause physical damage and accelerate aging or degradation, MA-XRF 

scanner was transported in situ and measurements have taken five days in total for the 

analysis of N.7 illuminated fragments. 

In particular, the fragment (300 x 270 mm2), of which results are reported in this section has 

been analyzed in a unique scan of a duration of 3 hours, positioning the cardboard support 

on which is glued the parchment, at 1.5 cm from the measurement head. At this distance, a 

beam size of 500 µm is obtained on the sample surface.  

Continuous scan was performed at 10 mm/sec scanning speed long the horizontal (X axis) 

direction and by selecting a step size of 500 µm long the vertical direction (Y axis). 

Elemental images have been elaborated in real-time by using the in-house programmed 

software (see Section 3.10, Chapter 3) and a pixel size of 500 µm was selected corresponding 

to a dwell time of 50 ms per pixel. The measurements were performed at 35 kV and 300 µA. 

During the scan, the laser system was operated for monitoring the safety distance of the 

spectrometer from the parchment (0.8 cm) and the flat surface of the sample has not required 

the real-time correction of the focal distance. Figure 94 shows the MA-XRF scan in 

measuring. Analytical results will be presented and discussed in the next section. 

 

 

 

Figure 94: MA-XRF scanner installed at the Fitzwilliam museum 
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4.7. The pigments palette of the illuminators 
 

The characterization of pigment materials used by illuminators is a valuable resource for 

contextualizing the lack information lost when the illuminations were separated from their 

parent volume. Further, single fragments have been often pasted onto a support (paper, 

cardboard or wood), losing the information present on the reverse side. In several cases, the 

hidden information can aid significantly the collocation of the fragments within the parent 

manuscript or even provide their original position within the book.  

The sum spectrum and the spectrum of maximum pixel, in Figure 95, evidences the main 

elements composing the artist’s palette. In particular, Sulphur (S), silicon (Si), potassium 

(K), calcium (Ca), iron (Fe), copper (Cu), zinc (Zn), tin (Sn), gold (Au), mercury (Hg), and 

(Pb) are the main components of pigments used. Further, traces of manganese (Mn) and 

titanium (Ti) have been revealed, they are correlated to ochres (Fe-based pigments), and also 

strontium (Sr) associated to the pigments containing calcium. Their distribution in the 

painting will be presented below through the elemental images. 

 

 

 
Figure 95: sum spectrum and spectrum of maximum pixel obtained by the MA-XRF 

analysis of the entire surface of the illuminated manuscript Marlay cuttings It. 13A. 
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4.7.1 Parchment preparation and white pigments 
 

Calcium-based pigments appear homogenously distributed over the entire pictorial layer, as 

it can be observed in Figure 96. This makes deduce that the preparatory layer of the 

parchment has been treated by employing white compounds containing calcium, in the form 

of gypsum (CaSO4·2H2O), or more likely calcium carbonate (CaCO3), largely diffused in 

the art of illumination [300].  

Further, the correlated presence of strontium (Sr-K) with the calcium-based pigments could 

indicate the presence of celestite (SrSO4) or strontianite (SrCO3) as impurities of the 

calcium-containing minerals [301]. Their correlation is visible in the magenta areas of the 

composite image (Red: Ca-K + Blue: Sr-K) in Figure 96. 

In additional, lead-based pigments, commonly in the form of lead carbonates cerussite 

(PbCO3) and hydrocerussite (2PbCO3·Pb(OH)2) [234], have been chosen for drawing white 

decorations, as it can be seen in Figure 97. Lead white characterizes the temple drawing, the 

skin tones of the characters, the dove (1), the bed sheet in the Mary’s hands (2), the priest’s 

headgear and the decorative motif of the floor. 

However, some white painted details are characterized by the alone presence of calcium or 

used in mixture with a low amount of lead as for example the paper roll in the hands of Saint 

Anna (3). The composite image Red: Ca-K - Blue: Pb-L in Figure 97 shows the correlation 

of the two pigments in the magenta and violet areas, as well as in red the free-lead white 

areas as in the pictorial details (3) and (4) showed in Figure 98. 

Finally, in Figure 99 are reported the normalized spectra related to two white areas (area 1 

and area 2) painted by using respectively Ca- and Pb-based pigments. In the spectrum of the 

area 2, the presence of sulphur correlated to the calcium can make supposing that the ground 

is composed by gypsum (CaSO4·2H2O). Differently from the areas characterized by lead 

white layers applied on the Ca-based ground, in this area the sulphur discrimination (S-Kα 

at 2.31 keV) is not affected by the overlap with the low energy line of lead (Pb-Mα at 2.34 

keV). 
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Figure 96: Ca-K image and composite image : Red: Ca-K – Blue: Sr-K (right). 

     

Figure 97: Ca-K image and composite image: Red: Ca-K – Blue: Sr-K. 

 
Figure 98: visible images of areas painted by Ca- and Pb-based pigments. 
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Figure 99: normalized spectra related to the area 1 and area 2 in the painting (Figure 97). 

 

 

4.7.2 Red pigments and hidden text 
 

The brilliant red tones of the Mary's dress (1), the decoration in the upper part of the temple 

(2) and of the floor (1) are visible in the mercury distribution image showed in Figure 100. 

Its occurrence is associated to the vermillion (HgS), or its mineral equivalent cinnabar [302]. 

Further, a writing text on horizontal lines, not present in the painted composition, has been 

also identified (3). The writing belongs to the pictorial composition painted on the reverse 

side of the parchment glued to the cardboard support and therefore never read before.  

It is a liturgical inscription in Latin written according the rounded Italian Gothic style that 

flipped left-to-right reveals the following fragmentary text: “In purifi[catione] b[ea]tissime 

virgi[nis] Marie. cum can[delae] ceperint dari. In[tr]at cantor”, visible in Figure 100-(3). 

The hidden text is also visible in the zinc distribution (Zn-K). Its presence is related to the 

impurity of the iron gall ink that often can includes variable amounts of zinc and copper 

[293]. It is a black ink predominantly used from the 9th century until it was replaced by 

synthetic inks in the late 19th century and commonly used for the writings in medieval 

manuscripts. The zinc map has allowed to integrate the lacking parts of the text not visible 

in the mercury map. The correlation between the two elements, Hg-L and Zn-K, is showed 

in Figure 100. 
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Figure 100: (top) Hg-L image and composite image Hg-L + Zn-K; (bottom) pictorial 

details characterized by the mercury presence (1-2) and the flipped left-to-right inscription 

visible in the Hg-L map (3). 

 

 

4.7.3 Yellow, Orange and Brown Pigments 
 

The presence of tin (Sn-L) in the yellow areas compatible with the 14th century pigments, 

has to be correlated to the Pb presence in the form of lead-tin yellow pigments [233]. Both 

its chemical form: lead-tin oxide (type I - Pb2SnO4) and lead-tin-silicon oxide (type II - Pb 

(Sn, Si) O3) were used between 13th and 18th centuries, and most common from 15th to 17th 

centuries. In particular, the second tin-lead type was found in a Bolognese manuscript, dated 

back the first half of the 15th century. In the spectrum, the escape peak of the Sn-Lα (1,704 

keV) in overlap with Si-Kα line (1.739 keV) does not allow a clear discrimination between 

the two types of compound (type I or II). In the painting, tin-lead yellow was used for 

decorating the priest’s dress (1), the floral decoration around the large letter "S" (2), and the 

chess motif on the floor (3) showed in Sn-L map in Figure 101. The tin-lead correlation is 

also showed in the spectra regarding the three selected areas (1-3).  

In particular, in the area 1 spectrum (the priest's dress) the higher Fe-K intensity reveals 

that the yellow pigment was mixed with ochres for giving the desired chromatic effect. 

This is also visible in the magenta area in detailed Figure 101-(a) obtained by the 

correlation of Red: Fe-K + Blue: Sn-L. 

 

2 
 

1 
 3 

 



Chapter 4. MA-XRF cases-study 

 

 

 

 

 

 

Sn-L 
 

1 
 

2 
 

3 
 

a) 
 

Fe-K 
Sn-L 

 

1 
 

2 
 



Chapter 4. The pigments palette of the illuminators 

145 
 

 

 
Figure 101: (top) Sn-L image and detailed composite image (Red: Fe-K – Blue: Sn-L) 

related to area 1, (bottom) cumulative spectra related to the area 1 (20 × 25 pxl), area 2 

(15 × 15 pxl), and area 3 (20 × 15 pxl) of the painting. 

 

 

Beyond the tin-lead pigments, in other yellow shiny details has been found the presence of 

tin not correlated to Pb. This second typology of yellow can be identified with a metallic 

pigment composed of stannic sulfide (SnS2) named mosaic gold [293]. It was used as an 

inexpensive gold-like pigment and gilding in manuscripts as early as the 13th century and 

was replaced by bronze powders in the middle of the 19th century. Usually, the pigment 

preparation method included small quantities of mercury in the amalgam. In the parchment, 

probably mosaic gold has been used for decorating the upper part of the temple, showed in 

detailed Figure 102-(1). The related spectrum of the area 1 selected on the red decoration 

(Figure 102) evidences the co-presence of tin and sulphur that could be compatible with the 

mosaic gold presence, while lead is not detected. However, it is not possible to ascertain the 

nature of the pigment through the presence of sulfur (S-Kα line at 2.31 keV) due to the 

overlap with the low energy line of mercury (Hg-Mα at 2.19 keV). In addition, Hg is related 

to the vermillion layer on which the gold mosaic decorations have been painted (see 

paragraph 4.7.2), therefore its presence connected to yellow pigment preparation is not 

indicative for its identification. Presumable, the mosaic gold pigment was also used for the 

tiny decorations on the light-blue background behind the priest figure (2). However, as in 

the previous case, the co-presence of tin and lead does not allow to discriminate between the 

two typology of yellows due to the overlap between the Pb-Mα line (2.34 keV) and S-Kα 

line (2.31 keV). 
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Figure 102: RGB: Sn-L – Hg-L – Pb-L composite image of a selected painted area, 

cumulative spectrum related to the selected area 1. 

 

Earth pigments (ochres), i.e. iron-based pigments (iron oxide and hydroxides), characterize 

the details pictorial from brown to deep yellow. The artist paints the skin tones of the 

characters through light and shadows effects by using ochres (1- 4). In addition, iron-based 

pigments are used for contouring the figures, like the body of the Christ child (5) and in the 

floral drawing around the large letter "S" (6). Figure 103 shows the distribution of the iron-

based pigments. The fineness of the decorative technique in the combined use of white lead 

and ochres for the details of the faces and the alternating use of tin-lead pigments and ochers 

in the decorative patterns that surround the central composition is highlights in the composite 

image (RGB: Fe-Sn-Pb) in Figure 104.  

In addition, red lead (Pb3O4) or a few yellow lead oxides such as massicot and litharge (PbO) 

have been used for painting the orange colors, as the dress of Simeon (1) in Figure 104 [303, 

304, 284, 293]. However, their discrimination is not possible through the only elemental 

analysis and additional information can obtained by complementary molecular techniques. 
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Figure 103: Fe-K image and pictorial details characterized by the ochres presence 

   

  

Figure 104: RGB: Fe-K - Sn-L - Pb-L composite image 
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4.7.4 Green and Blue pigments 
 

The intense green tones, as the Simeon’s dress (1), the decorations that surround the scene 

(2) and the floor decorations, can be identified through the several pigments containing 

copper, of which their discrimination based only on the XRF technique is not possible [305].  

However, it is presumed the use of natural pigments as malachite (Cu2CO3OH2), used until 

16th century, and azurite (Cu3(CO3)2(OH)2), used until 18th century, or their synthetic 

equivalents green or blue verditer [241]. Further, copper can be associated to the green 

pigment verdigris, consisting of copper corrosion products, mainly acetates, used until 19th 

century [242], and copper resinate (Cu(C19H29COO)2), used from 15th century until 17th 

century [243].  

The blue tones remain out of the Cu distribution, they are characterized by the presence of 

potassium (K-K), like the robe of Mary (3), the blue decorations around to the letter "S" (4) 

and the flooring decors (5). The composite image in Figure 105 shows how copper (in green) 

and potassium (in blue) cover the green and blue painted areas respectively. Further, the 

light-blue tones are obtained by a mixture of pigments containing potassium with lead white, 

as it is evidenced by the magenta areas in Figure 106 (Red: K-K + Blue: Pb-L). 

In previous studies on 15th century Italian manuscripts the high presence of potassium 

correlated to the blue tones has been associated to the use of ultramarine (Na8-10Al6Si6O24S2-

4) [67]. Oltremare (or ultramarine) derives from the semi-precious gemstone lapis lazuli and 

it was used in its mineral form since 12th century. 

Despite its chemical formula does not include the potassium, its correlation is due to the high 

K concentration identified directly in Afghan lapis lazuli stone samples [306], main source 

of ultramarine blue for over six thousand years [88]. 

This correlation is strengthened by the fact that the K presence in other pigments compatible 

with the dating of the manuscript is found in the smalt, a potassium glass containing cobalt 

(15th -18th century), however any presence of cobalt has been detected in the painting. 

Finally, the presence of potassium can be attributed to the lake pigments of organic nature. 
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Figure 105: composite image Green: Cu-K – Blue: K-K and pictorial details characterized 

by copper (1-2) and potassium presence (3-5). 
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Figure 106: composite image Red: K-K – Blue: Pb-L and pictorial details characterized 

by potassium-lead mixture (3). 

 

 

4.7.5 Gold 
 

In the art of the illuminated manuscripts, the employment of precious materials, as gold or 

silver, is a hallmark of the pictorial technique used in this type of artworks [307, 308]. Figure 

107 (top) shows the gold (Au-L) distribution in the parchment. In particular, gold decorations 

are characterized by two different painting techniques. The first consists of applying of small 

thin sheets of hammered gold, placed side by side over a preparatory layer, in this way the 

artist has decorated the background behind the temple and the halos of the Saints (1). The 

decorative technique is identifiable by the visible overlapping of the adjacent gold sheets 

and by the higher Au-L intensity recorded in the overlapped zones respect to the single layer 

as it is showed in the spectra in Figure 107 (bottom) related to the analysis of area 1. In 

additional, the tecnique includes a ground preparation containing ochres. This emerges in 

the magenta zones (Red: Au-L + Blue: Fe-K) in the composite Figure 107 (top). 

Finally, the second technique consists of the use of finely ground gold particles held together 

by a binder medium used by the artist for the very fine decorations of the Mary dress (2). 
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Figure 107: (top) Au-L image and composite image Red: Au-L – Blue: Fe-K, (bottom) 

pictorial details characterized by gold presence (1-2) and cumulative spectra comparison 

between a single and a double gold layer taken in rectangular selection (area 1). 
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APPENDIX-A 

Micro XRF imaging 
 

MA-XRF mobile scanning system developed in the present research activity, of which 

experimental components, spectroscopic capabilities and scanning modes have been 

discussed in the Chapter 3, allows to perform, in complementary way, the imaging technique 

operated on micrometric scale of length (micro-XRF). 

The analytical capabilities of the instrument as micro-XRF scanner will be demonstrated in 

this appendix through the presentation of analytical results obtained on a copy of Madonna 

and Child with Saints Rosalia, Peter and Paul painted by Anthon van Dyck (1629, 45×35 

cm2 size, private collection), shown in Figure 108. 

As explained in Section 1 in Chapter 3, the primary source of the scanner assembled on the 

spectrometric head consists of a microfocus X-ray tube coupled to a policapillary optics.  

MA-XRF mapping takes advantage of the strong divergence of the lens for obtaining a larger 

beam size, in the range of few hundred microns (commonly 500 µm), making the technique 

suited for the analysis of large easel paintings, as described in Section 1.2 (Chapter 1)and 

illustrated through the analytical results in the Chapter 4. 

However, the strong focusing power of the lens can be also used for illuminating the sample 

with a micrometric beam size in the range of tens of microns. This involves a simple 

adjustment of the sample position on the focus of the lens. Micro-XRF imaging is achieved 

with lateral resolution up to 38 µm (Section 3.5, Chapter 3) by positioning the sample at a 

distance of 10 mm from the lens end. The long range optical microscope (Section 3.1.3, 

Chapter 3) is used for positioning the sample at the polycapillary focus and the laser sensor 

(Section 3.1.4, Chapter 3) is used for the dynamic correction of the distance of the 

measurement head from the painted surface during the micrometric scan.  

Micro-XRF technique is particularly indicated for investigated small details of the painted 

composition allowing a better knowledge of the painting technique and a more accurate 

pigment attribution and dating.   

Elemental maps at a micrometric scale of length obtained from selected area in the upper-

left part in the panel (Figure 108 (a-b)) are showed in Figure 109. 

Measurements were performed at 38 kV and 400 µA with the panel positioned in the focus 

of the polycapillary. A pixel size of 25 × 25 µm2 was elaborated by the Control Unit (CU) 

during the continuous scan at 1 mm/sec scanning speed corresponding to a dwell-time per 

pixel of 25 ms. Images of 800 × 800 pixels (i.e., 2× 2 cm2 area) were taken in about 4 h. The 

maps were processed real-time by using the in-house programmed software (Section 3.10, 

Chapter 3). Under these experimental parameters, the high resolution of the scanner has 

allowed to evidence millimetric particulars of the pictorial layers as the coarse particle size 

of the As and Ba component in the painting of foliage. 
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Micro-XRF analyses has allowed investigating more accurately the presence of 

anachronistic pigments in the investigated area that seems not related to a retouch or a 

restoration and suggests postponing the manufacturing of the panel to a later period (i.e., 19th 

century).  

In particular, particles in the green pigment are composed of both As-K and Cu-K as evident 

in the yellow particles given by the correlation of Green: Cu-K and Red: As-K images in 

Figure 110 (a). This result could be compatible with the presence of emerald green for the 

pale green in the foliage. Emerald green is a 19th century pigment that collocates the dating 

of the panel in a later period. 

In addition, barium and chrome are correlated in the green leaves of the painting, as it is 

showed in the yellow areas in the composite Figure 110 (b) obtained by the correlation of 

Cr-K (red) and Ba-L (green) images. Again, the probable use of chromates (i.e., barium 

chromate) suggests a pigment manufactured in 19th century.   

Finally, the presence of Zn and Ti, showed in Figure 110 (c-d) and present in other areas of 

the painting, highlighted by MA-XRF analysis, suggests a possible later manufacturing of 

the painting.   

 

 

 

 
Figure 108: copy of Madonna and Child with Saints Rosalia, Peter and Paul painted by 

Anthon van Dyck (1629, 45×35 cm2 size, private collection) (top), selected area 

investigated by micro-XRF technique (a), microscope image of the selected area (b). 

Micro-XRF 
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Figure 109: micro-XRF images obtained on a selected area of the painting (800 × 800 

pixels, i.e., 2× 2 cm2). 
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Figure 110: composite image Red: As-K – Green: Cu-K (a); composite image Red: Cr-K 

– Green: Ba-K (b), Ti-K and Zn-K images (c-d). 
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APPENDIX-B  

Main cited pigments**

 

White 
 

1) Lead White 

Chemical formula: 2PbCO3·Pb (OH) 2 

Origin: artificial 

Historical period: antiquity (Greeks) – in use 

 

Lead white (native mineral is cerusite) is a carbonate of lead prepared from metallic lead and 

vinegar. It was used since antiquity as early as 400 B.C. and it was the only white used in 

European easel paintings until the 19th century when its poisonous lead content has restricted 

its manufacture and sale as an artist’s pigment. Lead white presents a fastest drying 

compared to all whites when it is used in oil. This makes it particularly valuable for painters 

who need a relatively fast drying time. 

 

2) Chalk and Gypsum 

Chemical formula: CaCO3 (chalk); CaSO4-2H2O (gypsum) 

 

Origin: calcite; selenite (for gypsum) 

Historical period: prehistory– continue in use 

 

Chalk is calcium carbonate (calcite); a white pigment with limited hiding power. It is 

chemically stable under ordinary conditions. Chalk is known from prehistory and it is used 

until today.  

Gypsum is a soft, transparent mineral composed of hydrated calcium sulfate. 

 

Brown 
 

3) Umber 

Chemical formula: Fe2O3 · (H2O) + MnO2· (n H2O) + Al2O3 

Origin: natural earth 

Historical period: prehistory – in use 

                                                 
** Sources: http://www.webexhibits.org/pigments/, http://cameo.mfa.org/wiki/Main_Page, 

http://colourlex.com/ 

http://www.webexhibits.org/pigments/
http://cameo.mfa.org/wiki/Main_Page
http://colourlex.com/
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Umber is a natural mixture of iron and manganese oxides and hydroxides. Used throughout 

the history, its colour goes from cream to brown depending on the amount of iron and 

manganese compounds and it is totally stable. These pigments are known also as Sienna 

earths. They are permanent and they can be safely mixed with other pigments. Ochres can 

to vary widely in transparency: some are quite opaque, while others are valued for their use 

as glazes. 

 

Green 
 

4) Malachite 

Chemical formula: 2 CuCO3.Cu(OH)2 

Origin: mineral and artificial 

Historical period: antiquity (Egyptians) – 16th century 

 

Malachite is a mineral composed of basic copper carbonate. It is the oldest known green 

pigment., sensitive to acids and to heat.  

It is found in Egyptian tomb paintings and in the European paintings its use became of 

importance mainly in the 15th and 16th centuries.  

Malachite has often proved to be permanent in oil paintings, although it may acquire a 

brownish hue owing to the darkening of the oil. It is lightfast but due to the copper carbonate 

blackening by sulfur compounds found in polluted air, malachite may be affected by 

exposure to hydrogen sulfide. 

 

5) Verdigris 

Chemical formula: Cu(C2H3O2)2-2Cu(OH)2 

Origin: artificial 

Historical period: antiquity (Greeks) – 19th century 

 

Verdigris is a dark bluish-green pigment composed of basic copper acetate with low stability. 

It was used from antiquity and in particular in the Middle Ages, Renaissance and Baroque. 

Verdigris was the main green available until the 19th century, it was often mixed with other 

pigments as lead white or lead-tin yellow caused to its transparency. It is particularly reactive 

and unstable among all the copper pigments, often it changes into a dark brown or black.  

Historically, the various types of copper corrosion products were not differentiated but rather 

lumped together and called aerugo or verdigris. However, these corrosion products are 

typically composed of copper sulfate, copper chloride, or basic copper carbonate. 

 

6) Copper resinate 

 

Chemical formula: Cu(C19H29COO)2 

Origin: artificial 

Historical period: 15th century– 17th century 
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Copper resinate is a transparent green glaze containing copper salts of resin acids. Several 

preparation procedures indicate that it is a mixture of verdigris in Venice turpentine while 

others describe it as a mixture of verdigris in an oil/resin medium. In the 15th and 17th 

centuries the artists added copper resinate for creating a deep saturation of green colour.  

Often it is used in combination with azurite or layered over lead white or lead-tin yellow. 

Copper resinates are similar to azurite in appearance and chemistry, they can change with 

age by forming copper salts of fatty acids. 

 

7) Green earth 

 

Chemical formula: K[(Al,FeIII),(FeII,Mg](AlSi3,Si4)O10(OH)2 

Origin: artificial 

Historical period: antiquity (Greeks) – in use 

Green earth is a green-coloured siliceous, iron-rich clays used as pigment since ancient 

times. The colour of green earth can range from yellow-green to sea-green to greenish-gray. 

In general, green earth is translucent in oils with moderate tinting strength and poor hiding 

power. It is a permanent, stable pigment and compatible with all media. Earths are not 

affected by sunlight or by atmospheric conditions. Green earth or terre verte is sometimes 

imitated by mixtures of Naples yellow and Prussian blue. 

 

Blue 
 
8) Azurite 

Chemical formula: 2 CuCO3 · Cu(OH)2 

Origin: mineral and artificial 

Historical period: antiquity (Egyptians), artificial (17th century) – 18th century 

 

Azurite is a deep blue mineral composed of basic copper carbonate, naturally it is found 

adjacent to the green copper carbonate mineral called malachite. Its occasional use began 

with Egyptians, but it was uncommon until the Middle Ages when the manufacture of the 

ancient synthetic pigment "Egyptian blue" was forgotten. It was produced artificially from 

the 17th century and it was replaced by "Prussian blue”, discovered in the 18th century. 

Azurite was the most important blue pigment in European painting throughout the Middle 

Ages and Renaissance. Azurite is subjected to two process of degradation into green or into 

black. The oxidation process causes the colour change from blue to green, in addition, it 

suffers of the alteration in a black pigment: the copper oxide, tenorite. 

            

9) Egyptian Blue 

Chemical formula: CaCuSi4O10 

Origin: artificial 

Historical period: Antiquity (Egyptians) – Antiquity (Romans) 
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Egyptian Blue is a synthetized pigment composed of a double silicate of calcium and copper. 

Egyptian blue is prepared by heating a mixture of silica, copper salts, and calcite in a sodium 

carbonate flux to 830 C. It was manufactured by Egyptians and used for thousands of years, 

it is considered to be the first synthetic pigment. Egyptian Blue was known to the Romans 

by the name caeruleum. 

 

10) Smalt 

Chemical formula: SiO2(65%) + K20 (15%) + Al2O3 (5%) + CoO (10%)  

Origin: artificial 

Historical period: 15th century – 18th century 

 

Smalt is a coarsely ground blue potassium glass containing small amounts of cobalt oxide, 

which provides the source of the blue colour. It was diffused among the 15th and the 18th 

centuries. In Europe the use of smalt as an artist's pigment was widespread certainly as early 

as the late 16th century. Smalt was popular because of its low cost and its manufacture 

became a specialty of the Dutch and Flemish in the 17th century. Smalt is a stable, lightfast 

pigment, but it has poor covering power. In oil media, it frequently discolours to a gray or 

grayish brown tone through a complex interaction of pigment and medium, which involves 

leaching of potassium and cobalt from the particles and the formation of potassium soaps in 

the paint film. The process is impeded by admixture with lead white, but worsened by 

moisture. 

 

Red 
 

11) Vermilion 

Chemical formula: HgS 

Origin: mineral (cinnabar) and artificial (vermilion) 

Historical period: antiquity (Greeks), artificial 8th century– 19th century 

 

Vermilion is a bright red pigment composed of synthetically prepared red mercuric sulfide 

mineral (cinnabar) with excellent hiding power and good permanence. It was used from 

antiquity and produced artificially from the 8th century (vermilion). It was the main red in 

painting. Its use was dramatically reduced in the 20th century due to its known blackening 

upon reaction to hydrogen sulphides and replaced with cadmium red. 

 

12) Red Ochre 

Chemical formula: Fe2O3 

Origin: mineral and artificial 

Historical period: (natural) prehistoric/ (artificial) 18th century- continues in use 

 

Red ochre is composed mainly of iron oxide or hematite. These permanent pigments have 

been used from prehistory and throughout history and they can be safely mixed with other 
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pigments. Ochres vary widely in transparency; some are quite opaque, while others are 

valued for their use as glazes. Throughout the Middle Ages and the Renaissance, they 

continued to be used by painters, as Michelangelo, Rembrandt and Antoine Watteau. From 

the 18th century, synthetic red iron oxide pigments were manufactured, they are called Mars 

Red and they were found to have all the properties, including durability and permanence, of 

their natural counterparts. 

 

Yellow 
 
13) Yellow ochre 

Chemical formula: FeO (OH) 

Origin: natural and artificial 

Historical period: (natural) prehistoric/ (artificial) 1920s- continues in use 

 

Yellow ochre is a natural mineral consisting of silica and clay owing its colour to an iron 

oxyhydroxide mineral, goethite. It is found in many shades, in hues from yellow to brown. 

Used throughout history, this permanent pigment can be safely mixed with other pigments. 

Ochres vary widely in transparency; some are quite opaque, while others are valued for their 

use as glazes. Synthetic yellow ochre, Mars yellow, have been produced since the early 

1920s. 

 
14) Orpiment 

Chemical formula: As2S3 

Origin: natural and artificial 

Historical period: Antiquity (Egyptians) – 19th century 

 

Orpiment is a soft, yellow mineral composed of arsenic trisulfide. It occurs naturally in 

volcanic fumaroles, hydrothermal veins, hot springs, and as a decomposition product of 

realgar (As4S4). Orpiment ranges in colour from a bright lemon yellow to orange. It was 

used as a pigment in European painting from quite early times, including in manuscript 

illumination and coloured sculpture, and became almost a standard material on the palette in 

Venice in the 16th century. Elsewhere it occurs in Dutch 17th century painting, and British 

and French 18th century paintings. Its use continued almost up until today, though it is 

moderately used due to its toxicity. Orpiment has good tinting strength but is not considered 

permanent as it reacts with copper pigments as well as some lead pigments to produce dark 

copper or lead sulfides. It can be rather light sensitive, losing its colour on prolonged 

exposure to light, particularly in aqueous media. Arsenic trisulfide was made synthetically 

in the 18th entury and sold as king's yellow. 

 
15) Lead-tin yellow 

Chemical formula: Pb2SnO4 (Type I) - Pb(Sn,Si)O3 (Type II) 

Origin: artificial 

Historical period: 13th century – 18th century 
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Lead-tin yellow is a manufactured pigment composed of lead stannate. It is an opaque yellow 

with good covering power. Lead-tin yellow was used in European paintings from the 

beginning of the 14th century until the early years of the 18th century, although it had largely 

disappeared from painting at the end of the 17th century when it was replaced by Naples 

yellow (lead antimonate yellow). Lead-tin yellow was rediscovered and made artificially in 

1941. These yellow pigments are stable and have been used as opacifiers and colorants also 

in glass and ceramic glazes. They are lightfast and essentially stable in all paint media. Lead-

tin yellow was often used in mixtures with other pigments such as lead white, vermilion, 

azurite, verdigris, and indigo. 

 

Black 
 

16) Bone black/Ivory Black 

Chemical formula: Ca3(PO4)2 + CaCO3 +C 

Origin: animal 

Historical period: Prehistory- continues in use 

 

Bone black is blue-black in color and it contains about 10% carbon, 84% calcium phosphate 

and 6 % calcium carbonate. It is made from charring of bones or waste ivory and tt was used 

from prehistory until today. Ivory Black is therefore the least pure form of carbon black, 

containing a high percentage of calcium phosphate. Bone black has been identified in 

prehistoric paintings and found in Egyptian, Greek and Roman art. It is found throughout 

European medieval and Renaissance art and later in both oil and watercolour paintings until 

modern times. Bone black is a permanent colour for all uses on the artist's palette. It is 

compatible with all other pigments and can be used with good results in all media. 

 
17) Carbon Black 

Chemical formula: C 

Origin: vegetable 

Historical period: prehistory- continues in use 

 

Carbon black is a fine particle carbon pigment obtained as soot from the incomplete 

combustion of many different types of organic materials, such as fruit pits, vine stalks, husks, 

bone, ivory, cork, resins, natural gas, or oil. Carbon black pigments have been used since 

ancient times. It is very stable and unaffected by light, acids and alkalis and it has an excellent 

hiding power. It is considered one of the most stable and refractory of all materials. In 

particular, it was largely used for the artist's sketches under the painting. 

 

Binder 
 

18) Alum (Potassium aluminium sulfate)  

Chemical formula: AlK(SO4)2.12H2O 
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Origin: metallic salt 

Historical period: antiquity (Egyptians, Greeks) - continues in use 

 

Potassium aluminium sulfate (or alum) is the reagent that forms the solid (precipitates) as 

hydrated alumina bound to the dye. It is a metallic salt known as the lake pigment that was 

used as the binder or mordant. It must be inert, colourless, chemically neutral and insoluble 

in the liquid medium. In the Greek and Roman periods alum, chalk, white clay, and crushed 

bones were often used as sources of the binder for lake pigments. In today’s industry the 

binders used for lake pigments are barium sulfate, calcium sulfate, aluminium hydroxide and 

aluminium oxide (alumina). Changing the pH of the solution can change the hue and even 

in some cases the colour of pigments. The lake pigments were important pigments for the 

Greek, Roman and Renaissance artists. 

 

 

 



 

 
 

Conclusions and prospective 
 

Paintings are complex multi-layered materials that have been studied over the time with 

several sophisticated imaging techniques. It is well recognized that analytical result 

contributed efficaciously to art-history and conservation science. 

 

Scanning MA-XRF technique provides information on pigment materials and their 

distribution over the painted surface in a non-destructive way, giving new insights on 

painting techniques used in the various artistic movements over the time. In addition, it 

provides information on conservation state of artworks allowing to identify appropriate 

conservation procedures and to identify restoration treatments occurred in the past. MA-XRF 

is also suitable for approaching question of authenticity of artworks through the presence of 

anachronistic pigments. Finally, the penetrating nature of X-rays allows visualizing sub-

surface layers that can present hidden pictorial compositions, revealing what it is not visible 

to naked eye. 

 

In the present PhD activity an advanced XRF scanning system for a real-time imaging of 

painted artworks has been developed. 

 

The MA-XRF scanner has been developed with a modular set-up to be 

assembled/disassembled in a short time (30-60 min) and easily moved in museums, galleries 

and conservation studio for performing in-situ analyses. It consists of three linear stages with 

a travel range of 110 × 70 × 20 cm3 for the motion of the spectrometer in the XYZ direction 

respectively. To date, this is the largest area covered among the MA-XRF scanners today 

available. The three-axes system is based on a customized design with a wire sensor 

technology that offers the advantage to avoid any referencing of the axes before starting a 

new measurement, in this way the measurements can be interrupted and restarted (system 

switched on/off) from the same position. The motion of axes is entirely controlled by the 

Control Unit (CU) and whatever orientations (top-down and vice versa) and directions (left-

right and vice versa) can be selected by the user on the basis of the sample to be investigated. 

Further, the CU controls the Z-axis movement, along the focal distance, via the 

communication with a laser triangulation sensor (750 Hz read-out rate and 4 μm linear 

resolution) assembled on the measurement head for monitoring in live mode the distance of 

the painting from the spectrometer. The distance is dynamically corrected in order to 

maintain the measurement head at a constant distance from the sample in the case of a non-

flat sample surface. In addition, the motion of axes is immediately stopped when the 

measurement head reaches a sample-spectrometer safety distance preconfigured by user. 

The scanning system performs scans in real-time (or in continuous mode) along one axis 

with a uniform speed. This is allowed by the coupling of the detection system based on a 

SDD detector (130 eV energy resolution at 5.9 keV) to a 100 MHz Digital X-ray Processors 

(DXP) that works in a time-list event mode (TLIST) with a 40 ns time resolution. The 
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scanning along the second axis is provided by a step mode. Also a full step-by-step mode is 

available if needed.  

During the real-time scan, the continuous stream of data is transferred to the Control Unit 

(CU) with a preset time interval (usually 100 ms), however in case of data overflow 

occurring at the higher count rates, the CU automatically stops the scanning and dynamically 

adjusts the data transfer time in order to eliminate the acquisition error and restarts the 

measurement without any loss of data. The advantage to perform continuous scanning 

resulting in a reduction of the total time of 1.5 times without any lateral resolution and count 

rate degradation has been demonstrated by the direct comparison between continuous mode 

and step mode scan. 

In the scanning systems, the possibility to perform scans at high speed has been often limited 

by the lack synchronization between the motorized stages and detector. 

The present system allows ultra-fast scans with selected speed up to 100 mm/sec covering 

the total area in 4.2 hours with a lateral resolution of 500 μm. The high precision and 

synchronization between motion sensors and acquisition system is fully controlled by the 

custom developed and programmed Control Unit based on a deterministic Linux real-time 

operating system (RTOS) via embedded drivers and libraries of all sensors installed in the 

device. Further, CU allows to monitor the instrument operation in a real-time via a 

customized user-friendly interface developed in real-time LabVIEW software. 

The MA-XRF device of the present work is aimed to the macroscopic analysis of large size 

paintings. However, the use of a polycapillary lens (1 cm focus) equipping the X-ray source, 

allows a dual configuration for operating the MA-XRF imaging at both the macro and micro 

scale of length. Micro-XRF imaging is obtained operating the scanning at the focus position; 

macro-XRF is performed with the sample out of the focus distance. The two imaging 

techniques can be combined for a better knowledge of the painting process and a more 

accurate pigment attribution and dating.  

In particular, MA-XRF is based on the use of a broad beam of few hundred microns. The 

lens divergence allows obtaining a beam size of 500 μm at 15 mm from the spectrometer 

head. Further, micro-XRF imaging can be performed with a lateral resolution up to 35 μm 

at the focus. The accurate positioning of the painting from the measuring head is obtained 

by using a long range optical microscope with a 19 μm depth of field and about 2.5 μm 

lateral resolution. 

 

To date, performances of this device in terms of lateral resolution, scanning speed and 

dimensions of the scanning area, makes it as one of the most (or even the most) efficient 

portable MA-XRF systems available in the scientific community for studying paintings. 

 

A further distinctive feature of the instrument consisted in the development of real-time 

elaboration procedure of X-ray data. The real-time spectra elaboration offers the advantage 

to have the available images when the acquisition finish, obtaining a significant gain in terms 

of time, an immediate preliminary interpretation of data and also the monitoring of a correct 

progress of the scan. 

Each pixel spectrum is processed by applying the PyMca fast-fitting plugin based on the 

non-linear least-squares method. Its integration in the analysis procedure differs from the 
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conventional real-time analysis (if present) of other devices, based on the less accurate 

selection of region of interest (ROI) in the spectra. The in-house programmed analysis 

software runs during scan and allows the (near) real-time data transferring with a maximum 

processing speed up to 5000 fitted spectra per second. In addition, the analysis software 

provides different tools for processing the images in live mode, by changing graphical 

settings as color-maps, contrast and brightness, resizing, etc. Arithmetic and logical 

operations can be also applied to the images for subtracting noise or contaminations and also 

eventual systematic shift correction can be operated. It allows also the RGB correlation of 

the maps for helping the pigments identification. Finally, the pixel size of images can be 

changed during the continuous scanning if images are not satisfactory in terms of lateral 

resolution or counts statistic. 

 

During the present research activity, the scanner was validated by studying three painted 

artworks on different support (canvas, wood and paper) and different size, for which the 

instrument has been moved in situ. 

 

A MA-XRF investigation of the Paston Treasure (oil on canvas, 165 x 246.5 cm2) was 

carried out in collaboration with the Fitzwilliam Museum (Cambridge, UK), the Yale Centre 

for British Art (USA) and the Norwich Castel Museum an Art Gallery (Norwich, UK). This 

allowed to characterize the original materials used by the artist, highlighting the chromatic 

complexity of the painting technique and the meticulous research in the use of the pigments 

and in their mixture. Further, it was possible to identify the degradation state of some 

pigments as a darkening effect occurred in the vermillion and copper pigments. Also MA-

XRF images have unveiled the overpainted drawing of a female figure, providing 

information about its original colors through the identification of the chemical nature of 

pigments not accessible by the radiographic imaging technique (XRR) previously 

performed. In particular, details of dress and combing, useful for attributing of the woman 

identity have been made visible by the correlation of red vermillion (Hg-L), green-blue 

copper-based pigments (Cu-K) and blue cobalt-based smalt (Co-K). 

In a collaboration with the Egyptian Museum in Turin (Italy), MA-XRF investigation on 

painted wooden coffers belonging to the funeral collection of Kha and Merit (18th Dynasty) 

allowed the comprehension of the original pigments used in antiquity. Next to this, important 

information concerning the painting process was obtained through the identification of 

changes introduced during the creation of the work. The technique allowed also to highlight 

the rare use of a manganese black instead of black pigments of organic nature. The use of 

the two blacks can be attributed to the more practical motivation correlated to the availability 

of material and to a specific intent of the painter attributable to a pure aesthetic necessity and 

subordinated to the chromatic difference exhibited by the two different pigments. 

Finally, the MA-XRF analysis on an Italian illuminated manuscript (Florence, 1370) was 

performed in a collaboration with Fitzwilliam Museum, providing valuable information 

concerning the artist's manufacturing technique and its connections with other artist's 

workshops through the re-construction of its pigments palette. The MA-XRF results covered 

the gap of information on the artwork due to the separation of the miniature from the parent 

volume. Further, MA-XRF analysis allowed to unveil the hidden liturgical inscription 
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present on the reverse side of the illuminated parchment glued to the cardboard support and 

therefore never read before, aiding significantly the collocation of the fragment within the 

parent manuscript. 

  

In conclusion, despite the development of the present mobile XRF scanner has to be 

considered mature and its spectroscopic capabilities and instrumental performances have 

been largely validated by the analytical results obtained during the present research activity 

and in several other case-studies, some improvements and further technological 

developments have been already taken in consideration. The first forward step concerns the 

development of the acquisition system based on a multi-detectors station, in order to increase 

the counting statistics with a consequential improving of the lateral resolution in term of 

maps contrast and a better visualization of low-abundance elements also when ultra-fast 

scans are performed. In a first development phase, the system will be equipped with only 

two SDD detectors each coupled to a DXP, and the data reading, transferring and the data 

elaboration system will be consequently adapted to the new configuration of the instrument. 

The second aspect consists in the development of the integration of a confocal micro-XRF 

technique for in depth profiling along the stratigraphy of the painting. The confocal 

technique involves the use of a second lens on one of the detectors that works in combination 

to optic of the source and allows defining an analytical volume used to analyses the different 

pictorial layers. This way it will be possible an accurate knowledge of the sequence of the 

painted layers. The present set-up of the scanning system is already optimized for the 

confocal micro-XRF being equipped with a Z-axis that allows to move the spectrometer 

across the multilayered structure of the sample. In this way a unique device will allow for 

the first time to combine three analytical methods for XRF imaging applications. 
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