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Abstract: The development of dental biomaterials is now on the rise, with new materials created at a 

high rate and in large variety. Yet, considerable effort is needed to improve their physical–chemical 

characteristics as well as their biotolerance, biocompatibility and osseointegration, and to extend 

their longevity. Foremost, the new dental biomaterials are confronted with surface phenomena 

occuring at their interface with the oral tissues and environment, which produce degradation by 

corrosion, dissolution and wear. To control them, nondestructive instrumental methods for the 

investigation of surface chemistry and physics are needed. A comprehensive insight requires also the 

mapping of elemental, chemical and structural information. Appropriate methods can be among other 

electron probe microanalysis, laser Raman spectromicroscopy, confocal fluorescence and atomic 

force microscopy. However, atomic and nuclear surface analysis methods qualify chiefly. They reach 

unsurpassed sensitivity in elemental analysis and are unique by depth profiling capabilities of layers 

1 nm–100 µm thick and by surface mapping. Some techniques can provide also chemical and 

electronic information. Here we treat the most widely used ion beam analysis (IBA) and X-ray 

spectrometry (XRS) methods and some related techniques; all make use of incident and emergent 

beams of radiation and particles to analyze the specimen. Basic principles, practical aspects and 

applications in dental biomaterials’ research are reviewed comparatively for each technique, with its 

highlights and limitations. Noteworthy, new microprobe low energy heavy ions accelerators and 

electron synchrotrons are now commissioned; thus proton and X-ray microbeams are available for 
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surface mapping at micrometer resolution. The reviewed applications cover ceramics, calcium 

phosphates, glasses, polymers, adhesives, composites, glass ionomers, endodontic materials, silver 

amalgam, alloys, titanium implants and their coatings, and oral tissues contamination with released 

elements (sometimes cytotoxic). The present survey is expected to be a representative sampling of a 

mature topic, typified by the sustainably high dynamics of publications. 

Keywords: IBA; XRS; electron spectroscopy; surface analysis; accelerators; synchrotrons; 

microbeam; mapping; depth profile; dental biomaterials 

 

Abbreviations: AES: Auger electron spectroscopy; CEMS: Conversion electrons Mössbauer 

spectroscopy; EBS: Elastic (non-Rutherford) backscattering spectrometry; EPMA: Electron probe 

microanalysis; EPR: Electron paramagnetic resonance; ERDA: Elastic recoil detection analysis; ES: 

Electron spectroscopy; ESCA: Electron spectroscopy for chemical analysis; EXAFS: Extended X-

ray absorption fine structure; FAST: Forward alpha scattering technique; FRS: Forward recoil 

scattering; HIXE: Heavy ion induced X-ray emission; IBA: Ion beam analysis; LIBS: Laser induced 

beakdown spectroscopy; ND: Neutron diffraction; NEXAFS: Near-edge X-ray absorption fine 

structure; NGR: Nuclear gamma resonance; NMR: Nuclear magnetic resonance; NRA: Nuclear 

reaction analysis; OM: Optical microscopy; PAA: Photoactivation analysis; PALS: Positron 

annihilation lifetime spectroscopy; PBS: Proton (or particle) non-Rutherford backscattering 

spectrometry; PESA: Particle elastic scattering analysis; PIGE: Particle induced gamma-ray 

spectrometry; PIXE: Particle induced X-ray spectrometry; RBS: Rutherford backscattering 

spectroscopy; SEM: Scanning electron microscopy; SEM-EDX: SEM energy-dispersive X-ray 

spectrometry; SIMS: Secondary ions mass spectrometry; SR: Synchrotron radiation; SRXRF: 

Synchrotron radiation X-ray fluorescence; SRIXE: Synchrotron radiation induced X-ray emission; 

STIM: Scanning transmission ion microscopy; TEM: Transmission electron microscopy; XANES: 

X-ray absorption near edge structure spectroscopy; XPS: X-ray photoelectron spectroscopy; XRF: 

X-ray fluorescence; XRD: X-ray diffraction; XRS: X-ray spectrometry 

1. Introduction 

Like various other types of biomaterials, dental materials entered in a period of flourishing 

development, with spectacular success in the last decades illustrated among other by dental 

composites, glass ionomers and implants [1–3]. Even the selection of the right material by the 

practitioner becomes a more and more complex task [4]. But although new materials are created at a 

high rate and in a large variety, they did not yet replace completely the traditional ones, nor did they 

provide so far solutions with perfect biotolerance and biocompatibility. Therefore, research for the 

creation of new dental materials with improved properties is at its highest pace. 

Some of the most important problems which are confronting the new dental biomaterials are 

associated with surface phenomena which occur at their interface with the oral tissues and 

environment. These phenomena are in general different of those in the bulk; but at the same time 

they may open the gate for the penetration in the bulk of noxious agents, or for substance leakage 

from the bulk, which alter the dental biomaterial and limit its lifetime. Thus dental composites 

undergo polymerization shrinkage, an ubiquitous problem that can be reduced but not completely 
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eliminated [1–3]. The narrow gap created in this way between the composite filling and the tooth 

allows a slow development of secondary caries around the fillings. Against this process, F, Ca and Sr 

ions able to prevent hard tissue demineralization are released from the biomaterial [1,2,5]. But at the 

same time with these ions’ leakage other ions enter from saliva and a degradation of the biomaterial 

occurs. Another example is represented by the titanium alloy implants as well as by the metallic 

bridges and dowels which undergo slow corrosion and friction wear, and thus contaminate both the 

surrounding bone and teeth and the oral mucosa, provoking allergic reactions and other health 

impairments [6–8]. 

Considerable research effort is devoted to reduce and eliminate the adverse processes by 

creation of new biomaterials or by conditioning of the biomaterial surface so as to provide it with 

protective and bioactive properties, making possible its integration with the tooth or bone structure. 

To this purpose, appropriate methods are needed to investigate the surface chemistry and physics 

phenomena in the dental materials and in the adjacent dental structures. Such surface phenomena 

take place in layers of various depths, ranging from a few nanometers (or even less) to some tens of 

micrometers (or even more) at the surface of the specimen. A wide choice of the analytical depth 

covering the whole above range is provided by ato-mic and nuclear surface analysis techniques and 

by a few other related methods (see, Section Abbreviations). 

This review article is an introduction to the most widely used ion beam analysis (IBA) and X-

ray spectrometry (XRS) methods, as well as to a couple of electron spectroscopy (ES) surface 

analysis techniques. For each one, basic principles and some practical aspects as well as 

representative applications in dental biomaterials’ research are presented. More explicitly, the 

following atomic and nuclear surface characterization methods and their applications are discussed in 

the following: X-ray fluorescence (XRF) [9–12], particle induced X-ray emission (PIXE) [13–16], 

particle induced gamma emission (PIGE) and nuclear reaction analysis (NRA) [16–19], Rutherford 

backscattering (RBS) and elastic recoil detection analysis (ERDA) [16–22], secondary ion mass 

spectrometry (SIMS) [23–25], X-ray photoelectron spectroscopy (XPS) and Auger electron 

spectroscopy (AES) [26,27], extended X-ray absorption fine structure (EXAFS) and X-ray 

absorption at the near edge structure (XANES) [28–30]. In addition to the above currently used 

methods, we also discussed briefly two nuclear techniques emerging recently in the field of dental 

materials applications, namely photoactivation analysis (PAA) [31] and positron annihilation lifetime 

spectroscopy (PALS) [32]. 

These atomic and nuclear surface analysis methods provide detailed information on the 

elemental, chemical and electronic structure, as well as depth profiles of concentrations, porosity and 

defects of the analyzed thin layers at the specimen surface [12,16,18–35]. Selective combinations of 

such methods may give a most complete information on the structure and properties of these 

biomaterials. Many of the techniques discussed here are highly sensitive and cover a large dynamic 

range of concentrations, from trace to major analyzed constituents in the same spectrum. 

Applications of some of these methods in biology and medicine [36–38] and in selected topics of 

dental biomaterials research [39] have been reviewed. An excellent and comprehensive review of 

applications of surface analysis methods, mainly of XPS and SIMS to teeth, bones, dental and related 

biomaterials has been published before [40]. The present paper covers an enlarged pannel of methods 

while focusing on the last decades’ applications in dental biomaterials’ research. 

Due to the fact that in the last decades an increased number of electron synchrotron accelerators 

and of low energy accelerators of heavy ions (Van de Graaff, tandem, tandetron, linear, cyclotron) 
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have been commissioned in many countries, for almost all of these surface analysis techniques the 

use of microbeams of X-rays and of accelerated protons or heavier ions (in the range 1–4 MeV/amu) 

are now available. In these facilities the microbeam scans the surface of the analyzed specimen and 

provides maps at micrometer resolution (i.e., near the optical microscopy resolution). 

All methods are almost completely nondestructive. Due to the absence of sample destruction 

these instrumental methods have an important advantage as compared to classical methods which 

destroy partially or completely the specimen. The same sample—with the possibility of selecting the 

same or a different area for the analysis—can be measured before and after an experimental 

treatment for its surface modification, gaining thus time, simplicity and additional insight. 

The applications of the methods discussed here cover a wide perspective on dental biomaterials, 

including ceramics, calcium phosphates, glasses, polymers, adhesives, composites, glass ionomers, 

silver amalgam, alloys and titanium implants. The interdiffusion processes and the contamination of 

the hard and soft dental tissues and of oral mucosa with elements released from some of these 

materials, as well as modifications of dental enamel and dentin surfaces with dental materials (using 

e.g., laser irradiation as an additional treatment) have also been reviewed here. 

One central aim of our endeavor was to provide the reader—especially the dental researcher 

using these methods—with a “big picture” perspective on the methods and their applications in 

dental biomaterials research. We hope that our review will find its interested readers and assist them 

with useful information. 

2. The methods: A brief overview 

The atomic and nuclear characterization methods can be classified as surface, near surface, thin 

layer, thick layer and bulk, according to the depth of the analyzed layer at the sample surface. They 

use incident beams of radiation and particles to bombard the surface of a specimen (usually solid) 

and analyze the emergent beams of radiation or particles. According to the nature of incident and 

emergent radiations, one obtains the classification shown in Table 1 based on a scheme proposed 

earler [23]. 

Table 1. Atomic and nuclear surface analysis methods as defined by the incident and 

emergent beams of radiation and particles involved in the measurement. 

Emergent 

particles/radiation 

Incident particles/radiation 

Protons/Ions Electrons Positrons Photons Neutrons 

Protons/Ions 

 

 

RBS (EBS, PBS), PESA, 

FAST, FRS, ERDA, NRA, 

SIMS, STIM 

    

Electrons  AES, SEM, TEM  XPS (ESCA, UPS), CEMS  

Photons 

 

 

PIXE, HIXE, PIGE 

 

 

EPMA (SEM-

EDX, EDX, 

EDS), SEM, 

TEM 

PALS XRF, SRXRF (SRIXE), XRD, 

EXAFS, XANES (NEXAFS), 

PAA, LIBS, EPR, NMR, FTIR, 

Raman, Mössbauer (NGR), 

OM, STXM 

NAA 

Neutrons     ND 
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A comparative illustration of the characteristics and potential of some of the most widely used 

atomic and nuclear surface analysis methods is presented in Table 2; similar overviews have been 

made by other authors (e.g., [23,35,38]). However, the numeric values given in this table are valid 

only as order of magnitude and in practice they depend on the specific nature and composition of the 

material as well as on the particularities of the experimental setup and on the parameters used. Most 

methods can use microbeams of accelerated protons (focused with magnetic quadrupole lenses) and 

X-rays (focused with special X-ray optics from synchrotron radiation) for mapping the detected 

species. 

Table 2. Representative scattering and spectroscopic methods for surface analysis based 

on atomic and nuclear interactions. 

Method Detected 

elements 

Depth 

profile 

Depth 

resolution 

Lateral 

resolution µm 

Detection 

limits1 

Accuracy Information 

provided 

SRXRF, 

XRF 

Z ≥ 8 ≤100 µm ~10 µm 0.3–10 µm (in 

SRXRF) 

10–100 ppm 

(XRF, 241Am 

excitation); 

1–10 ppm (in 

SRXRF2) 

10–30% 

(better 

accuracy 

with WDS-

EPMA) 

Elemental 

analysis, 

depth 

profile, map 

PIXE Z ≥ 6 

(optimum 

conditions) 

Z > 11 

(currently) 

≤100 µm ~10 µm 0.3–10 µm 0.1–1 ppm (thin 

targets); 

1–10 ppm (thick 

targets) 

2–30% Ibid. 

PIGE, 

NRA 

Li, Be, B, 

N, F, Si, O, 

C, P, Al, 

Na, Mg, S, 

Cl, … 

≤100 µm 

(standard); 

5–12 µm 

(resonant 

reaction) 

0.1–0.8 µm 

(resonant 

reaction) 

0.3–10 µm ≥0.03% 10–30% Ibid. 

RBS Z ≥ 5 ≤10 µm 5–100 nm 0.3–10 µm ≥0.1% 10–30% Ibid. 

ERDA Z ≥ 1 ≤2 µm 5–100 nm 1–10 µm ≥0.1% 10–20% Ibid. 

SIMS Z ≥ 1 1–2 nm 

(static) 

1–2 µm 

(dynamic) 

3–30 nm 1–60 µm 0.01 ppm (Li)–

24 ppm (Hg) 

10–30% 

(better with 

surface 

polishing) 

Ibid. + 

Chemical 

groups and 

compound 

detection 

XPS Z ≥ 3 ~1 nm ~0.3 nm 0.2–10 µm ~0.1% 10–40% Elemental 

analysis + 

valence and 

bonding 

AES Z ≥ 3 ~1 nm ~0.3 nm 0.2–10 µm ~1% 20–40% Ibid. 

EXAFS, 

XANES 

Z ≥ 8 1–10 nm ~0.1 nm 0.3–10 µm 1–10 ppm (with 

SR2) 

10–20% Valence, 

bonding, 

structure 
1 Minimum detection limit in optimum conditions. 
2 Synchrotron with wigglers and undulators generating a 109–1010 s−1 µm−2 photon flux. 
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As shown in Table 2, there are a number of surface and thin layer analysis methods for 

elemental analysis. The most sensitive are suited for the analysis of trace elements (below 0.5% and 

down to 0.01–0.1 ppm by weight); this can be done by SIMS in surface layers of a few atoms or 

molecules and by PIXE in thin layers up to tens of millimeters. However, SIMS is suited especially 

for semiquantitative analysis (which may be often sufficient given the high sensitivity and the 

capability of detecting all elements in the periodic table). But elemental analysis by comparatively 

less sensitive methods can give valuable complementary data. Thus PIGE, NRA, RBS and ERDA 

are essential for the analysis of low Z elements which are not detected currently by PIXE. When the 

methods are used for major (above 5%) or minor (0.5–5%) elements in certain dental biomaterials or 

in the pure components of them, high sensitivity is not required. For instance for P and Ca analysis 

(yielding the highly relevant Ca/P ratio) in calcium phosphates, apatites and other ceramics and in 

glasses, as well as for F quantitation in fluorine-releasing dental materials and teeth, a comparatively 

lower sensitivity is not a major drawback, as these elements are usually present in relatively high 

concentrations in the above materials. 

The information provided by some of the methods included in the review gives also insight at 

the molecular level. Methods like EXAFS, XANES, XPS, AES as well as SIMS gather valuable and 

detailed data on molecular groups’ structure, valence state of atoms and chemical bonding of the 

species detected in a biomaterial. 

The list of Table 1 is far from complete, as laser, optical and most mass spectrometry methods 

(excepting SIMS) as well as microscopy techniques were leaved aside. The number of surface 

analysis methods is ever increasing, and we mentioned only the basic ones. Each has its highlights 

and limits, and only combinations of methods can give a comprehensive characterization of 

biomaterials. The information they provide is complementary and the multitechnique approach is the 

most rewarding [12,16,18–23,33–35]. Some of the IBA and XRS methods presented here have been 

compared in detail with other physical and chemical techniques of analysis [16,41]. 

In the following we will discuss just the most important atomic and nuclear methods of surface 

characterization and their applications in dental material research. 

3. XRF and SRXRF 

3.1. The methods 

Overview. X-ray fluorescence (XRF) is a rapid, nondestructive, multielemental atomic analysis 

method based on the detection of the characteristic X-rays emergent from a sample under the 

bombardment with a primary beam of high energy radiation. XRF is similar to other methods 

belonging to X-ray spectrometry (XRS) and to PIXE, but unlike PIXE which hits the target with 

protons and heavier ions, XRF uses X or γ rays for the bombardment. Thus while PIXE analyzes a 

thin layer at the surface of the sample because the range of charged particles in matter is limited, 

XRF may penetrate up to millimetres down the surface. XRF is less sensitive than PIXE by one order 

of magnitude, but the detection limits depend on element, sample composition and structure, and 

instrumentation. A comprehensive and clear comparison of XRF and PIXE is available [16]. 

At various levels and detail, the topic of XRF principles, instrumentation, practice and 

applications in different fields is widely covered in reviews [12,42] and  

books [10,11,16,39,43–45]. Various biomedical applications of XRF are quoted in comprehensive 
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reviews of the fields of X-ray spectrometry and surface analysis [9,12,21,38]. XRF analysis was 

applied in studies of teeth [46,47] and dental materials [6,39,48–61]. Portable XRF instruments [62] 

open a new line of development [63], particularly useful in forensic investigations [48,49,64–68]. 

The applications of µ-SRXRF—the synchrotron radiation microprobe version of XRF—in 

biomedical and dental research and for biomaterial characterization [6,7,69–73] provide highly 

informative 2D elemental maps. Here we discuss XRF in some detail as certain experimental aspects 

are relevant also for PIXE and PIGE. 

Principle of XRF. At the core of XRF stands Moseley’s law, which says that the square root of 

the energy of characteristic X-rays of an element is approximately a linear function of the atomic 

number Z. This makes possible the unambiguous analysis of chemical elements based on their 

specific spectra [9–12,16,39,43,44]. The phenomena underlying the origin of the X-ray emission 

spectra are similar in XRF, EPMA and PIXE. For an element with Z ≥ 3, following the absorption of 

an X-ray or γ photon, an electron is ejected by photolectric effect from the K (n = 1) shell and leaves 

here a vacancy, provided that the energy of the incident photon exceeds a minimum threshold. 

Subsequently, an electron from the L or M shell will occupy the vacancy in the K shell, and a 

characteristic X-ray radiation quantum of the Kα or Kβ lines will be emitted. The mechanism is 

somewhat similar to the optical emission spectra in visible and UV. However, as compared with the 

optical emission spectra, used for instance in the LIBS method, the X-ray spectra are much more 

simple and interference of lines from different elements present in samples with complex elemental 

composition is much less common. In fact laser induced techniques like LIBS still have problems 

with the quantification of concentrations [74]. This recommends XRF for the analysis of 

multielemental samples with previously unknown composition. Dental alloys made of metals with  

Z > 20 can be easily analyzed quantitatively by XRF. For restorative and other dental materials 

which contain great amounts of XRF-invisible elements with Z = 1–13, XRF may provide a fast 

qualitative or semiquantitative analysis. 

EDX and WDS spectrometers. There are two basic types of XRF spectrometers—wavelength-

dispersive (WDS) and energy-dispersive (EDX). They differ by the type of device employed for 

analyzing the secondary X-rays emitted by the sample. The EDX spectrometer uses an energy-

dispersive semiconductor crystal detector. Because the detector is protected by a thin beryllium 

window which absorbs soft X-rays, the detection of elements is possible usually only for elements 

with Z = 11–92 (Na to U). WDS uses a curved crystal as a diffraction grating for the analysis of X-

rays and a gas proportional counter with a thin Mylar window for detection; it can also see elements 

as light as F (Z = 9). The energy resolution of EDX is rather poor, about 150 eV at 5.9 keV (Mn Ka), 

while for WDS is as good as 5 eV or better. But in EDX the spectrum of multielemental samples is 

acquired quickly in a simultaneous mode, while a WDS spectrometer performs a slow sequential 

analysis. Although PIXE and µ-SRXRF have better sensitivity (lower detection limits) than XRF, 

WDS-XRF excited with accelerated electrons (WDS-EPMA) showed a better precision and accuracy 

than the former two methods ([75], see also [39]). Thus PIXE should be preferred for sensitivity, 

WDS-XRF for accuracy, and EDX-XRF for speed and convenience. 

Primary radiation sources and sensitivity. The source of primary excitation radiation may be a 

gamma-emitting radioisotope, an X-ray tube, or a synchrotron facility. The sensitivity of XRF 

analysis depends on the primary radiation source: Down to 1–10 mg/kg for synchrotron radiation, 

somewhat less for X-ray tube and 10–100 mg/kg for a gamma radioisotope source (1 mg/kg =  

1 ppm). Every type of source has its advantages and drawbacks. 
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Radioisotope excitation as illustrated by the 
241

Am/
237

Np source may spoil the recorded 

spectrum not only by its own radiations (two main γ rays of 26 and 60 keV and other weaker γ lines, 

as well as the L X-ray lines of Np in the 14–21 keV range), but also by the 10.6–14.8 keV L lines of 

Pb X-rays excited in the source’s protection walls [16]. Thus the artifactual lines of this particular 

source would interfere for example with the Kα lines of Sr and Zr, two elements frequently present 

in composites and other dental materials. However, the radioisotope excitation may work well for 

major elements. For instance, we studied by EDS-XRF excited with an 
241

Am/
237

Np source the 

fixation of Ag
+
 ions from an AgNO3 solution on dental enamel surface, and preliminary data suggest 

that Ag increased and Ca decreased according to power functions of the incubation time (Preoteasa 

EA, Gavrilus M and Preoteasa ES, unpublished, presented in [39]). The same type of curves was 

obtained by optical microscopy techniques for slow Ag penetration in dental composites [76]. 

Rayleigh and Compton scattering of primary radiation. Whether with WDS or EDS 

spectrometers, all XRF spectrometers have the disadvantage that the incident radiation is scattered 

both coherently (Rayleigh) with the energy unchanged and incoherently (Compton) at lower energy, 

giving intense background lines at the high energy end of the spectrum. This effect is strong 

especially with the high intensity synchrotron radiation. 

Continuous and discontinuous background. The main drawback of X-ray tubes excitation is the 

backscattered continuous background from the Bremsstrahlung of the X-ray tube. This will reduce 

the analytical sensitivity, especially in the low-energy part of the spectrum. Moreover in XRF 

spectrometers excitated with an X-ray tube the anode, made for instance of Rh or Ag, will produce 

its characteristic Rayleigh and Compton lines in the spectrum, which will hinder practically the 

analysis of Ru, Rh, Pd, Ag, and Cd unless appropriate cut-off filters are used. Some of these metals 

are present in dental alloys like Palliag and dental gold and in dental Hg amalgam. Excitation with 

monochromatic synchrotron X-ray radiation eliminates much of this drawback, because the 

Bremsstrahlung from the source is absent and the background is much reduced, excepting the 

Rayleigh and Compton lines. 

False peaks. With any type of source, XRF-EDX spectra accumulated with common 

semiconductor (and gas proportional) detectors will contain two kinds of false peaks. These are the 

pile-up peaks with energies equal to the sums of the energies of two or three quanta, and the escape 

peaks with the energy reduced by the characteristic X-ray energy of the detector’s active medium, 

e.g., Si or Ge. The false peaks can overlap with characteristic lines of analyzed elements. 

Thick samples and matrix effects. XRF of thick samples is of particular interest for most 

samples of dental materials. It is characterized by a loss in sensitivity as compared to thin samples, 

caused mainly by an increase of radiation background. This is due among other to Bremsstrahlung 

produced by photo- or Compton electrons ejected from atoms inside the sample material under the 

action of the primary X-rays. 

Other problems in the quantitative analysis of thick samples are caused by the so-called matrix 

effects. For some elements in a multielemental sample they can diminish the intensity of X-ray 

fluorescence by self-absorption in the specimen and thus reduce sensitivity; for other enhancement 

effects occur, caused by the excitation of analyte’s characteristic lines due to the radiation from other 

elements in the sample. Owing to the matrix effects, in thick samples the X-ray intensity is no longer 

proportional to the element’s concentration. The matrix effects depend on the composition, structure, 

heterogeneity, surface roughness and geometry of the sample. They complicate the analysis and 

important corrections are needed for accounting them. Thus complex calculations starting from 
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fundamental parameters, or reference materials with similar composition and structure are required. 

One major difficulty in the analysis of thick samples of dental materials, both by XRF and by other 

atomic and nuclear methods is just the lack of standard materials and certified information on 

sample’s composition [39,77]. Special precautions are to be followed for the preparation, certfication 

and proper use of standards [9,78]. 

Non-invasive method. No sample preparation is needed for XRF analysis. One important 

advantage of XRF techniques is that it doesn’t require the covering of the electroinsulating samples 

with a thin conductive layer. The XRF analysis of any type is completely non-destructive and almost 

totally non-invasive; it does not burn or heat significantly the thin or less thin analyzed surface layer 

of the irradiated specimen and there are no macroscopically visible effects. Only at a microscopic 

level the primary X-rays may produce radiolysis effects such as photodegradation in the polymers 

from dental composites, or radical ion formation in Ca phosphates or glasses, which can be studied 

by specific methods such as EPR. 

X-ray fluorescence with synchrotron radiation (SRXRF). In circular accelerators the particles 

emit electromagnetic radiation, as any charged particle when is accelerated. A synchrotron is a 

circular electron accelerator built specially for producing intense X-rays and less energetic radiation. 

When the electrons are moving at relativistic speeds (between 0.2 and 20 GeV energy), the generated 

radiation is known as synchrotron radiation (SR). It is characterized by a continuous spectrum from 

far IR to X-rays of about 100 keV, by a high intensity and extreme directivity, i.e., brightness, and by 

polarization. Today the synchrotrons are the brightest sources of X-rays and of lower energy 

radiation. In the X-ray domain its brilliance is unrivalled, several orders of magnitude higher to that 

of the best X-ray tubes (fluxes of ~10
13

 photons sec
−1

 mrad
−1

). The synchrotron provides 

monochromatic radiation of continuously varied energy and, as mentioned, without Bremsstrhlung. 

The intensity of the synchrotron radiation increases when the deflexion radius decreases. SR is 

produced with deflection magnets of much lower radius as compared to the whole machine, or with 

devices called “wigglers” and “undulators” made of many permanent magnets with alternating 

polarities, which make the electrons move along semicircular trajectories of even shorter radius. In 

the X-ray domain SR offers excellent conditions for many surface analysis methods like XRF, 

XANES, EXAFS, XPS, and Auger spectroscopy. It allows also best quality measurements for 

spectroscopy and mapping by FTIR, or by optical methods in the far UV region. 

Synchrotron radiation X-ray fluorescence, SRXRF (or synchrotron radiation induced X-ray 

emission, SRIXE) uses 16–19 keV radiation for excitation. Both Rayleigh and Compton scattering 

by the sample give intense background lines at the high energy end of the spectrum, which spoil the 

detection limits because of contributing to the overall background and of saturating the detector. 

However, SR is highly polarized in the orbital plane of the electrons, which allows reduction of the 

scattering by use of experimental setups with special geometry. Moreover, the energy of synchrotron 

excitation X-rays may be varied continuously so as to favor the excitation of selected elements and 

improve the sensitivity of their analysis. 

Taking advantage of the directionality and monochromaticity of synchrotron radiation, X-rays 

have been collimated to microbeams below 10 µm with X-ray optics (like capillaries, the focusing 

crystal monochromator, the pinhole collimator, the focusing mirror at grazing incidence, multilayer 

spherical reflectors, Bragg-Fresnel lenses). In µ-SRXRF the lateral resolution of the X-ray 

microbeams is usually not better than 10 µm although it may be slightly below. This resolution is not 
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sufficient for mapping of subcellular components [21], but proved for instance really powerful for 

the analysis of dental calculi [69] or for mapping Zn in Ca in sectioned and polished bone [70]. 

The photon flux in the microbeam (around 10
7
 photons sec

−1
 µm

−2
) generated with deflexion 

magnets allows mapping of minor or most concentrated trace elements (like Zn in bone, >60 ppm), 

but is not enough for lower trace elements at <10 ppm levels. But detection limits of 1–10 ppm and 

even below 1 ppm may be attained in synchrotrons using wigglers and undulators instead of bending 

magnets, which increase the photon flux with 2–3 orders of magnitude. In spite of the high X-ray 

fluxes and high radiation doses, µ-SRXRF produces no macroscopically visible damage at the 

sample surface down to a micrometer scale, in contrast to the corresponding IBA method µ-PIXE. 

3.2. Applications of XRF and SRXRF 

Dental alloys and their fate in the oral cavity. XRF is a fast and reliable method for the analysis 

of dental alloys, as illustrated for gold alloys (including dental) and gold alloy reference  

materials [51]. In a review [6], innovative applications of XRF in the dental surgery for the diagnosis 

of allergies related to metallic dental restorations are described. Using a silicon point or a disk made 

of oxides and carbides of Al, Si and Ti, a microsample amount of about 10 µg is taken from the 

metallic dental work and analyzed on spot with the XRF spectrometer, except for the Ti alloys. Thus 

Hg–Ag–Sn amalgams as well as Ni–Cr and Au–Ag–Pd–Cu alloys have been identified [52]. The 

same group developed a micro-focused X-ray source with capillary focusing X-ray optics at a lateral 

resolution of 10–100 µm and applied it to evidence elemental distribution of oral mucosa in contact 

with a pure Ti cover screw from a dental implant. Particle-like and homogeneous deposits of Ti were 

evidenced in the mucosa; subsequent XAFS analysis identified the former as metallic Ti debris and 

the later as TiO2 resulted by oxidation in the oral environment [53]. Using a portable XRF 

spectrometer we determined with an accuracy within a few percents the composition of the Fe–Cr–

Ni dental stainless steel Wipla, which appeared to be close or identical to the austenitic stainless steel 

SAE 303; moreover early corrosion changes of alloys produced in the oral environment were 

evidenced (Preoteasa EA, Constantinescu B, Chiojdeanu C, unpublished). 

Dental ceramics. Several dental bioceramics have been analyzed with XRF, XRD, ICP-OES 

and SEM [54,55]. In particular, the mechanical and microstructural properties of monolithic ZrO2 

were investigated using XRF, XRD and SEM [56], while the degradation of dental ZrO2-based 

materials after hydrothermal fatigue was studied by XRD, XRF, and FESEM [57]. 

A parenthesis: Lead in children teeth. Although not directly related to biomaterials, it is worth 

mentioning a dental application for the evaluation of lead exposure in children by XRF 

measurements of Pb K-lines in shed teeth [47]. A development of instrumentation for a similar use in 

general medicine is an apparatus for in vivo tibia bone Pb concentrations assessment by XRF using 

excitation with a 
109

Cd source [79]. 

Portable XRF spectrometers and their limitations for standardless XRF analysis. Recently some 

manufacturers marketed portable XRF spectrometers equipped with a miniature X-ray tube with Ag 

or Rh anode and with semiconductor Si PIN (positive-intrinsic-negative) diode detector cooled with 

Peltier elements. This device is aimed mainly for field applications; it may detect elements starting 

from Cl (Z = 17). Small-size X-ray sources based on pyroelectric crystals generating up to 30 kV 

have been achieved in the last decade for portable XRF spectrometers [62]. In dentistry and other 

biomedical fields much interest was shown for the high-tech portable XRF spectrometers. These 
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instruments are equipped with different software programs for concentration evaluation, which 

include fundamental parameters (FP) analysis, Compton normalization (CN) and empirical 

calibration. The first two are recommended for specific types of samples, e.g., dental alloys made of 

metals starting with Ti (Z > 22). The later mode may be applied also for Ca detection and requires 

reference samples (standards), but remains the most reliable approach for handheld XRF 

spectrometers (and for XRF analysis in general). Portable instruments are preferred for the speed of 

analysis and allow the collection of a very large amount of data as shown in the elemental analysis of 

Ca-rich samples from different animal species [63]. Figure 1 shows the XRF spectrum of a calcium 

hydroxide material for endodontic treatments recorded with a portable spectrometer. Cl, Ca and Ba 

concentrations confirmed the nominal composition, and traces of Sr (detected also by PIXE [80]) 

were evidenced in addition. 

 

Figure 1. XRF spectrum of the CalaseptTM calcium hydroxide preparation for 

endodontics (Nordiska Dental, Angelholm, Sweden). The spetrum was taken with a 

hand-held XRF instrument equipped with a semiconductor detector cooled with Pelletier 

elements and an X-ray tube with Ag anode (Preoteasa EA, Suciu I, et al., unpublished). 

Given the complex and heterogeneous nature of some dental biomaterials like composites and 

glass ionomers, which contain large amounts of XRF-invisible light elements, it is not uncommon 

that various results of standardless analyses agree only qualitatively or semi-quantitatively. 

Differences may occur between a portable XRF spectrometer and stationary laboratory XRF 

instruments [58–60]. Moreover XRF and EPMA can disagree, e.g., by 35–40% for Ca and more for 

Bi in some endodontic materials. 

As a conclusion, the accuracy of concentrations evaluated by standardless XRF analysis with 

portable instruments remains lower in the case of dental materials with complex composition and 

granular structure, as compared to the analysis of dental alloys of Ti and heavier metals. Portable 

spectrometers may be used also for the analysis of Ca-rich materials but only with standard reference 

materials. In brief, portable EDX-XRF spectrometers provide a powerful tool for field investigations 

where they are good enough, however do not yet meet the quality requirements of laboratory  

analysis [16]. 

Forensic applications: Dental composites. One field of portable instruments XRF applications 

which develops fast refers to dental applications in criminology [65,66]. However, here validation is 

0 2 4 6 8 10 12 14 16 18 20 22 24 26

1

10

100

1000

Cl

Ca

Ba

Sr

Ag (anode)

Compton

scattering
Ag (anode)

Rayleigh

scattering

C
o

u
n

ts

E, keV

Calasept - Endodontic calcium hydroxide 



792 

AIMS Materials Science  Volume 5, Issue 4, 781–844. 

of major interest for distinguishing osseous and dental tissue from non-bone material of similar 

chemical composition and for determining the specimen’s origin. This requirement applies both to 

laboratory [67] and portable [68] XRF spectrometers. We suggested before (Ref. [50]) that the 

examination of dental composites by PIXE, ERDA and XRF may be used for customs, commercial 

and forensic applications. In fact the XRF method with portable instruments has been used for the 

fast identification of dental composites, e.g. on air crush or other forensic investigations [48,49]. One 

major problem with dental composites and other dental materials is, besides their complexity, the 

lack of appropriate standards, as mentioned. The qualitative distinction of various composites by 

XRF is obviously very useful for practical forensic purposes; but, given the limitations of handheld 

instruments, the accuracy of concentrations analyzed without proper reference materials remains to 

be proved. Nevertheless, XRF made possible a very useful data base of dental composites according 

to their qualitative elemental composition. 

Endodontic and orthodontic materials. Recent interest emerged for the characterization of root 

canal repair cements, sealers and obturation composites used in endodontics, and of orthodontic glass 

ionomer cements. Such studies of composition and microstructure used XRF together with XRD, 

SEM, FESEM, FTIR and NMR [51,52,54–61]. Other methods related to XRF which contributed to 

the characterization of the endodontic materials, include scanning electron microscopy equipped with 

energy dispersive X-ray analysis, SEM-EDX/EPMA [81–86], environmental scanning electron 

microscopy with energy dispersive X-ray analysis, ESEM-EDX [87], SEM with wavelength-

dispersive X-ray spectroscopy, SEM-WDS microanalysis [88], PIXE [85], XPS [83–86],  

XRD [84–86], inductively coupled plasma optical emission spectroscopy, ICP-OES [83,89], atomic 

absorption spectrophotometry, AAS [81] and FTIR [86]. This large palette of investigations makes 

the endodontic materials some of the best characterized dental biomaterials and underlines the value 

of multitechnique analysis. 

SRXRF and µ-SRXRF applications. By the large dimensions of a synchrotron radiation facility, 

synchrotron X-ray fluorescence analysis (SRXRF) is “the extreme opposite” [62] to the analysis with 

a desktop or handheld XRF spectrometer. SRXRF is still in its youth, but unmistakable signs appear 

evidencing that it approaches maturity. Ektessabi [71] synthesizes in a book the applications of 

synchrotron radiation in cell microbiology and medicine, and recently Uo and colleagues [6] review 

the field of dental and other medical applications of XRF and SRXRF. The remarkable advantages of 

SRXRF for trace analysis in cells and tissues—excitation with monochromatic X-rays of high 

intensity, low background (absence of Bremsstrahlung from the X-ray tubes), and focused beam 

down to 1–10 µm—made possible outstanding SRXRF applications. Remarkable results were 

obtained in the field of adverse effects associated with metals released from a particular type of 

dental biomaterials, i.e., alloys for dental works and Ti implants [8]. Sugiyama et al. [7] described 

the detection of trace metallic elements in oral lichenoid contact lesions using SR-XRF, PIXE and 

XAFS; the distribution of trace metallic elements in oral mucosal tissues was presented in detail [6]. 

The mucosa was taken from an oral lichenoid lesion (OLL). The metals detected in the mucosa 

derived from an Ag–Au–Pd–Cu alloy dental metallic restoration and they were suspected to be the 

cause the OLL disease. In a thesis [72] SRXRF together with XANES and EXAFS was used to 

describe the distribution and accumulation of Ti debris in the peri-implant environment and 

documented their pro-inflammatory impact. 

In the more general field of dental research SRXRF performed in the analysis of dental  

calculi [69]. The potential of SRXRF for similar studies was explored also in other fields of medicine 
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and biology. Among other, such applications included studies of Zn, Ca and P distributions in normal 

bone [70], of metal-ion release from a hip replacement prosthesis [73] and of trace element 

distribution in Menkes disease [90] and in cancer [91,92]. One can be sure that the SRXRF study of 

dental biomaterials offers a large and open field for future research. 

XRF, while being the first atomic analysis method and leading the way to the other methods, is 

now rejuvenated with the portable XRF spectrometer and with the µ-SRXRF technique. 

Conventional and portable XRF show quantitative performances for dental alloys. The portable XRF 

spectrometer is mostly a valuable field instrument for qualitative and semiquantitative identification 

of dental biomaterials in forensic applications and for fast screening of materials’ composition. µ-

SRXRF proved best in mapping friction wear debris and corrosion leaking from Ti implants and 

other dental metallic restorations in oral mucosa and in hard dental tissues. New applications in the 

field of dental biomaterials are expected with the progress in µ-SRXRF synchrotron techniques. 

4. The PIXE method 

Like other nuclear and atomic analytical methods, particle-induced X-ray emission (PIXE) is a 

multielemental, conveniently specific, fast, and relatively nondestructive instrumental technique, 

able to identify the atomic species and to determine their amounts in the target. In principle PIXE is 

very similar to XRF, except that the excitation of the analyzed atoms in the sample is made with 

protons or heavier ions of 1–4 MeV/amu instead of X- or soft gamma rays. The broad beam  

method [9,13–16,21,39,93–100] became popular with the development of small nuclear accelerators 

(Van de Graaff, tandem, tandetron, pelletron, linac, cyclotron), which are ideal for accelerating 

protons and heavy ions in this range of energy. Micro-PIXE is the corresponding method which 

maps the elemental distribution by scanning the sample surface with a focused microbeam [101–103]. 

The additional experimental details of both techniques presented below [104–124] and the 

applications of PIXE µ-PIXE (and of complementary methods) to the study of dental  

materials [80,87,117–161] go hand in hand. 

4.1. The methods 

Overview. Among the particular advantages of PIXE one may note first of all its sensitivity for 

trace elements, which is due to the fact that the cross section for X-ray production is large and the 

background contribution from Bremsstrahlung is low. PIXE probes the surface and near-surface 

layers of materials at depths between a few tens and one hundred micrometers; this is of prime 

interest in the study of biomaterials and teeth. The analysis does not require surface polishing and the 

preparation of biomineral specimens in the form of thick targets is remarkably simple. Depth profile 

analysis may be performed with PIXE at a rather modest depth resolution, but it may be refined if 

this technique is combined with other methods like RBS, ERDA and/or sample etching techniques. 

In μ-PIXE, scanning of the specimen surface by a proton microbeam is able to map the lateral 

distribution of elements at μm resolution. With the use of capillary lenses for capturing the X-rays 

from different depths beneath the surface, the reconstruction of the elemental 3D distribution in the 

surface layers of the analyzed specimen becomes possible. The method and its relation with other 

techniques as well as its applications are abundantly reviewed [9,13–16,21,39,93–103]. In Ref. [16] 

theoretical and experimental details on the possibilities and limitations of PIXE are given, in 
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particular on thick target analysis, which is the usual case in the study of biomaterials. Here PIXE 

will be presented in some detail because many aspects are relevant also for other IBA methods, 

mainly PIGE. 

Nondestructive method. Bombardment with protons of 2.5–3.5 MeV at currents of 10–100 nA 

on a 2 mm-diameter spot produces a global surface heating of the target of 100–300 ℃ in broad-

beam PIXE. The surface temperature raising should be much higher locally around each proton’s 

track. Our µ-SR-FTIR measurements evidenced important chemical alterations of the organic 

polymers in dental composites (Preoteasa EA, Eichert D, Preoteasa ES, unpublished). Moreover in 

µ-PIXE the current density is 3–4 orders of magnitude higher than in broad-beam PIXE, and µ-PIXE 

of dental composites burned much more the irradiated area. During PIXE measurement, inaccuracy 

due to sample surface degradation may reach 30% [104]. Nevertheless, due to the absence of 

destruction, the sample can be analyzed several times, selecting the same or a different area for the 

irradiation. 

Detected elements. Energy-dispersive detection PIXE is usually able to analyze concentrations 

of various elements with atomic number from Z = 11 (Na) or 12 (Mg) on; lighter elements are not 

detected by PIXE if the detector is placed in air, so that there are two Be windows between the 

specimen and the semiconductor crystal. The related technique, PIGE, as well as RBS, are routinely 

performed simultaneously with PIXE in IBA measurements to detect some light elements in addition. 

New development in thin-window EDX detectors placed internally allows the PIXE detection of 

light elements starting from C and even B (Z = 6 or 5). However sensitivity for light elements is low. 

A simultaneous recording of the PIXE, PIGE and RBS spectra of a hydroxyapatite sample (Figure 2) 

illustrates the complementarity of the IBA surface analysis techniques for the detected elements. At 

the same time a few elements are detected by two of the methods or even by all three. 

 

Figure 2. Display of µ-RBS (up), µ-PIGE (center) and µ-PIXE (down) unprocessed 

spectra of hydroxyapatite recorded simultaneously by bombardment with a 3 MeV 

proton microbeam focused to a ~4 µm spot. The spectra were taken with a multimethod 

IBA setup at Forschungszentrum Rossendorf, Dresden (Preoteasa EA, Grambole D, 

Herrmann F, et al., unpublished). 
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Basic experimental precautions. Setup geometry. In order to reduce chamber background levels, 

a skillful use of materials (ultra pure aluminum, graphite, Teflon) is important, to produce negligible 

radiation when struck by stray particles [105]. Beam collimators made of carbon will reduce or 

eliminate a potential source of intense background radiation, and rounded edges design of the 

collimators may reduce slit scattering effects. For proper beam alignment, current-readable 

collimators are convenient. For a quantitative analysis, a homogeneous beam is necessary. 

Instrumentation requirements for PIXE and RBS have been described [13].  

Placing the X-ray detector perpendicularly to the beam and sample-detector distances of only a 

few centimeters are used currently, but other geometries allow a lower Bremsstrahlung or Compton 

background (the latter is important in samples which emit γ rays under proton bombardment). A 

target surface perpendicular to the sample-detector direction generally gives the smallest X-ray 

absorption in the sample, and makes possible an optimal sensitivity of low-Z element analysis [105]. 

Metal alloys: “Simple” analysis. The elemental concentrations in certain “simple” 

electroconductive samples, such as stainless steels, Ti alloys and alloys of transition metals used in 

dentistry for crowns, bridges and implants—where all elements emit detectable X-rays—can be 

calculated from the PIXE spectra by assuming Σci = 1, even without knowing the detector solid angle 

and proton number (Smit Z, personal communication, 2011). But even so, the analysis of an alloy 

with more than three component metals requires subtlety [16], as sometimes differences below 1% 

may influence drastically the properties of the alloy. Moreover, the PIXE analysis is less simple for 

an alloy containing very light PIXE-invisibe elements like Be, B and C. 

“Difficult” dental biomaterials. In contrast to the relatively simple situation of alloys, the 

quantitative PIXE analysis of some dental biomaterials like composites, glass ionomers, and 

endodontic materials is confronted with many difficulties. They are electro-insulating, are usually 

prepared as thick targets, are made of heterogeneous mineral micro- and nano-granules embedded in 

a polymer resin, contain large amounts of PIXE-invisible elements, and no appropriate standards 

exist so far for them [77]. Their only advantage is that specimens with a flat and reasonably smooth 

surface may be easily prepared on a glass plate. From the viewpoint of the incident proton beam and 

the emergent X-rays, they may be looked at as a collection of opaque granules embedded in a quasi-

transparent matrix. 

Non-conducting thick targets. Beam integration. Many dental materials and the hard dental 

tissues are non-conducting and accumulate charges under the particle bombardment. The target 

should either be covered by a very thin film of carbon or sprayed with electrons in order to maintain 

electrical neutrality. This is the only sample preparation needed for thick samples and it is necessary 

to prevent electrical discharges which accelerate secondary electrons, leading to bursts of 

Bremsstrahlung which enhance the background in the spectra [93]. In fact the main cause of 

background in PIXE analysis is the secondary electron Bremsstrahlung [16]. 

The accuracy of PIXE analysis requires precise beam integration [105]. For thick insulating 

targets the following solutions may be used: An electrically insulated irradiation chamber connected 

to an electrometer [101], diverting of a beam fraction to a ionization chamber [93], measurement of 

X-rays produced by a Ta or Au window or chopper [106,107], small fraction of projectiles 

backscattered from a thin metal foil, e.g. self-supporting Au 150 pg/cm
2
 [108], etc. 

Matrix effects in thick target PIXE. Thick targets exhibit important matrix effects due both to 

the slowing of projectiles accompanied by the variations in the ionization cross section, and to self-

absorption and enhancement of X-rays in the sample. Dedicated softwares for the analysis of thick 
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target PIXE spectra based on fundamental parameters like GUPIX [105,109] are needed. The 

available software packages, e.g., GUPIX and AXIL [93] have to account for various factors such as 

the secondary fluorescence, autoabsorption of X-rays by the target and filters, escape peaks and pile-

up in the detector, stopping power of the projectile in the target and the energy-dependent cross-

section of X-ray production [16]. For instance the self-absorption in dental enamel has been 

calculated [101,110] and the cross-section of X-ray production shows an exponential decrease as a 

function of atomic number. Programs like GUPIX and AXIL calculate the X-ray yield by numerical 

integration and list directly the estimated concentrations. Intercomparisons of PIXE software 

packages are available ([99] briefed in [39]). 

Stopping power and Bragg’s Rule. The stopping power as given by the Bethe-Bloch equation is 

calculated by the package SRIM/TRIM [111]. The main contribution is given by Bragg’s Rule: The 

stopping of a compound may be estimated by the linear combination of the stopping powers of 

individual elements. In compounds usually deviates less than 20%, and the chemical bonds of the 

compound would then contain the necessary stopping power correction of protons calculated by 

SRIM. In general, the stopping powers and the cross-section of X-ray production are not precisely 

known for all elements [16,17]. Moreover when analyzing an unknown material the compounds 

formed by the detected elements are in general not known. 

The range of projectile particles in the target. This amount is a function of the stopping power 

and is affected by the imprecise knowledge and management of the later. Typical values of proton 

ranges, e.g., in carbon, quartz and aluminum are of 74, 83 and 80 µm, respectively [105]. In 

stoichiometric hydroxyapatite, HA (Ca10P6O26H2 with <Z> = 11.36), for protons of 2 MeV an 

approximate formula estimates a range of 35 µm, while with Monte Carlo simulations (Chris Jeynes, 

Surrey, UK, personal data, 2008; [112]) a range of 50 μm was found. We made an evaluation of the 

range of 3 MeV protons in hydroxyapatite based on the SRIM/TRIM data and using the Bragg rule, 

and a range of 90 µm was found; while when using the same scaling formula as above a range of  

69 µm was estimated [39]. Thus the agreement between various predictions of the maximum proton 

range in HA is within 25–30%, and rough formulae are very imprecise. 

Materials with granular structure. In composites and other dental biomaterials of granular 

structure, the maximum analyzed depth by 3 MeV protons is variable because of the very 

heterogeneous structure, with relatively opaque grains of different size embedded in a relatively 

transparent matrix. For instance in µ-PIXE, if the microbeam analyzes the organic matrix of a 

composite made, say, of polymethylmetacrylate with <Z> = 4 in a grain-free domain, the 

approximate scaling equation gives a range of 90 µm; but if the focused proton beam hits an 

embedded YbF3 grain, as e.g. in the Tetric Ceram composite, with <Z> = 24.25, the corresponding 

range is 57 µm. Thus in µ-PIXE of granular dental materials, the analyzed depth may vary 

appreciably from one point to another. Concurrently, the stopping power and the ionization cross 

section for protons, as well as the mass attenuation coefficient for X-rays in the mineral particles and 

in the surrounding organic polymer are completely different. Therefore the definition of average 

values in the composite (e.g., for the range of protons and for the yield of X-rays) is conceptually 

difficult in µ-PIXE and has an experimental meaning only for broad beam PIXE. Also, the analysis 

of the PIXE spectra in terms of concentrations as a result of the experimental averaging is more or 

less a rough approximation. A model based on a randomly distributed structure of inhomogeneities is 

employed to calculate the deviation from the normal homogeneous thick-target correction. In the 

model the size of the beam spot must be sufficiently large with respect to the inclusions [113]. 
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Surface roughness. Just as in XRF analysis, besides granular structure, surface roughness 

influences also the analysis of PIXE spectra. Using absorption parameters deduced by Monte Carlo 

calculations, a correction method for surface roughness extending up to half of the proton range has 

been elaborated [114]. 

Empirical factor. In the practical analysis of spectra with GUPIX it appeared that, to account for 

other factors specific to each experimental setup and type of sample, an empirical factor H is 

introduced instead of the solid angle  [105,109]. This was illustrated for the Tetric Ceram dental 

composite, which shows the H parameter as a decreasing exponential of X-ray energy (Preoteasa EA 

and Gurban D, unpublished; presented in [39]), but in general different functions are possible. 

Depth profiles. In principle, based on the X-ray production cross-section and the autoabsorption 

of X-rays in the sample, the depth profiles of concentrations can be calculated in a thick target with 

substantial matrix effects. This is important for changes at the surface of biomaterials, corrosion of 

dental alloys or for the surface protective and biocompatible layers as in Ti implants. For samples 

with inhomogeneous surface layers, the GUPIX program may also calculate depth profiles at the 

surface. The depth resolution of this analysis is limited (up to 5 successive layers). The 

complementary use of RBS, PIXE and resonant elastic backscattering (EBS) is recommended to 

determine the depth profiles [18,115]. 

Accuracy in PIXE and complementary methods of analysis. With all possible sources of errors 

accounted for and extensive calculations, the best simulations of thick target PIXE spectra in the 

fundamental parameters approach have an accuracy of 2–3% at most. This was achieved for dental 

enamel [116] which, however, has less organic component than the resin-based dental biometerials 

and contains mostly HA with known composition. Excepting very elaborate analyses of spectra, the 

ab initio calculations may not work always, and in general the accuracy of PIXE analysis is far of 

such good performances. Some of the problems in the PIXE analysis of ‚difficult’ dental materials 

have been discussed [77]. Possible solutions include the concomittant use of complementary 

methods such as ERDA [50,77], RBS [117], EDX-SEM and INAA [118], and PIGE [119–123], 

especially for the light elements. In the new facilities PIXE is routinely performed simmultaneously 

with RBS and PIGE (see Figure 2). 

Semiquantitative analysis of thick targets. When the collected electrical charge cannot be 

measured accurately, or when the sample contains unknown amounts of PIXE-invisible light 

elements, the method may however provide reliable relative concentrations and their variations, 

which still may give relevant insight for practical problems encountered in biomaterial analysis. With 

this approach we could classify dental composites using multivariate statistical analysis [77,124], 

assess the in vivo elemental and physical changes of a composite from a dental filling [125], and 

make the size statistics of mineral granules in a dental composite [126]. Moreover, we showed that 

the in vitro demineralization of dental enamel resulted in the uncovering of deeper layers containing 

higher trace element levels [127]. 

Reference materials. The best alternative to fundamental parameter PIXE analysis of thick 

samples is by comparison to certified reference materials. It has been pointed out that calibration and 

quality control of PIXE analysis requires reference materials [128]. The concentrations in the 

analyzed sample are estimated by using appropriate standards of similar elemental composition, 

physical structure and surface roughness. We used recently this method in a PIXE-PIGE study of 

deer antlers [129]. The preparation of new standards received special attention with particular 

emphasis placed on homogeneity, background correction methods, and methodology validation [9]. 
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In fields where standards have to be produced yet—as for dental biomaterials—their necessary 

characteristics have to be pre-stipulated from a detailed analysis [78]. 

Limits of detection. For PIXE in thin samples, in the best conditions the LODs are of the order 

of 0.1–1 ppm; for thick samples they are one order of magnitude higher (i.e., sensitivity lower). The 

best detection limits are reached for protons of 2–3 MeV and for elements with Z = 20–35 (K lines) 

and 70–92 (L lines), but they depend on the sample [39]. In our measurements with 3 MeV protons 

on thick targets of some dental composites, e.g., Tetric Ceram, we found best detection limits of  

~5 µg/g for medium Z elements, which improved by ~80% after carbon covering as well as after 

using a 30 µm Al foil absorber [39,77]. The LODs of PIXE for light elements are in general worse 

than 100 ppm, and better sensitivities can be obtained for these elements with PIGE. 

Microprobe PIXE analysis or micro-PIXE. Microbeam scanning allows 2D mapping of 

elemental distributions at the target surface with micrometer resolution [101]. Proton beams of  

1–4 MeV with diamters of 20–100 μm can be prepared by collimation, and with magnetic 

quadrupole lens the beam can be focused down to 1 μm diameter [102,103]. To ensure sensitivity of 

the analysis a microbeam of 2 × 2 μm
2
 size requires a current density of 5–20 pA μm

−2
 [16], and for 

a 1 × 1 μm
2
 microbeam a minimum current of 100 pA is necessary [102]. In μ-PIXE the current 

density is 3–4 orders of magnitude higher than in broad beam PIXE (10
−3

–10
−2

 pA μm
−2

) and the 

specimen surface is locally burned. Initial beam currents between 1 and 3 μA should be provided by 

the accelerator [16]. At present a spatial resolution down to 1 μm is available in several laboratories. 

We used μ-PIXE to map normal bone [130], demineralized enamel [127] and a dental  

composite [126] at 4 μm resolution. The resolution is limited by lens aberations, and the 

improvement of resolution by a factor of 2 involves an increase in the beam current density by an 

order of magnitude. To improve the resolution by an order of magnitude based on further corrections 

of lens aberations would require 3 or 4 orders of magnitude increase in the brightness of the beam. A 

resolution of 300 nm is attainable in principle with the present proton microbeams, but a resolution 

of 100 nm at 100 pA current in the future would represent a limit hard to attain, involving formidable 

and unpredictible technical chalanges [103]. But even if such a high resolution beam would be 

possible, there are additional problems (mechanical and thermal instability, optical control of 

microbeam position on the sample at light wavelength precision) which untill now prevented a 

practical targeting better than 1 μm [131]. 

Advances in PIXE analysis. Representative developments of experimental, computational and 

theoretical PIXE were presented in a review [9]. These included PIXE with high-resolution crystal 

spectrometers for chemical effects; a PIXE arrangement using simultaneously a large-area Si(Li) 

detector with Be window, and a second Si(Li) detector with an ultrathin polymer window for the 

analysis of light elements starting from C (Z = 6); depth-selective analysis called “differential PIXE” 

using different projectile energies for concentration profiles; the generation of real-time quantitative 

elemental μ-PIXE images by the “dynamic analysis” matrix transform; and PIXE-STIM tomography 

for nondestructive imaging of the 3D structure of biological objects. It is beyond doubt that the study 

of dental materials will benefit of such developments. 

4.2. Applications of PIXE and μ-PIXE 

The most proficient application of PIXE in the study of biomaterials is related to metals used in 

dentistry—mercury amalgam, stainless steels, other alloys and Ti implants—and to their influences 
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in the surrounding biological environment. Recent advances in the topics of metallic biomaterials 

and their biological reactions have been synthesized in a book [132]. 

Amalgam fillings, dental alloys, dental implants and their coatings. The contributions in this 

field of PIXE—most of them by μ-PIXE elemental mapping—have been substantial. Early PIXE 

studies have shown that mercury from dental amalgam altered the elemental profiles of Mg, Ca, Fe, 

Mn, Zn, and Sr in human erythrocytes and neutrophil granulocytes [133]. While dental amalgam and 

nickel alloys affect T-lymphocytes [134], removal of dental amalgam and other metal alloys 

alleviates symptoms in patients with amalgam-associated ill health [135]. The metals loss from 

dental amalgam and their drift in teeth continue to be studied by μ-PIXE [136,137]. 

PIXE and μ-PIXE evidenced the diffusion into teeth of metals released by corrosion from 

crowns [138] and dowels of metallic dental works [139]. Implants made of stainless steels, of similar 

alloys as well as of Ti alloys have also adverse effects in the adjacent tissues. With the use of PIXE it 

was shown that following implantation Fe and Ni concentrations changed in dental implants [140]. 

The distribution and chemical states of Fe and Cr released from orthopedic implants into human 

tissues were studied by PIXE and XAFS [141]. Convergent results were obtained with microprobes 

on dental and orthopaedic implants [8,142]. μ-PIXE evidenced friction wear and metal dissolution 

of implants [143] as well as Ti corrosion [144] and Ti ion release [8,144,145]. Also Ti–15Mo alloy 

for dental implants is affected by corrosion [146]. Recent experimental developments in external 

beam PIXE [147] allow in situ and in vivo measurement of Ti release as demonstrated in earlier 

investigations [148]. 

Another implant-related topic concerns the application of PIXE for the characterization of 

calcium phosphate bioceramics thin films aimed to protect the surface of Ti and other metallic 

implants against corrosion [149,150]. It was shown that TiO2 films deposited on titanium and 

stainless steel by ion-beam-assisted sputtering provides corrosion resistance [151]. 

The μ-PIXE results on metal migration from Ti implants in tissues were consistent with those 

obtained by μ-SRXRF and μ-XASF ([7]; reviews by [6,71]). At the same time the Ti implant 

protection with bioceramics films is amply confirmed by XPS investigations discussed below. 

Composites and other dental materials. The present trend is to replace whenever possible 

traditional materials with the new materials. But some of them contain elements foreign to the 

organism which are released in the tissues, and whose fate and biological action are not yet fully 

understood. To approach this problem, the first steps would be the analysis of the elemental 

composition of the material itself and of the tooth, and then to follow the changes when interacting in 

conditions relevant to the use in the oral cavity. PIXE could bring here a relevant contribution. 

A number of dental composites were analyzed qualitatively by PIXE, ERDA and XRF; the 

detected elements were classified as major, minor and trace [50]. The quantitative analysis of one 

composite (Tetric Ceram, Ivoclar-Vivadent, Liechtenstein) was performed with PIXE and ERDA; 

the analysis was standardless and the difficulties were discussed in detail [77]. Another group [118] 

gathered quantitative concentration data on composites by using PIXE together of EDX-SEM and 

INAA. The elemental compositions were different in every composite resin, as confirmed later by 

SEM-EDX analysis alone [152,153] and combined with XPS [154]. Using the relative concentrations 

from PIXE measurements, the analyzed composites were classified in clusters with related 

compositions by use of multivariate statistics methods, namely of principal component  

analysis [77,124]. Note that such statistical treatments proved useful also for trace elements analyzed 

by XRF in dental enamel [155]. The semiquantitative analysis of various dental composites by PIXE, 
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ERDA and XRF was suggested previously [50] to be used for customs, commercial and forensic 

applications; now portable XRF instruments and SEM-EDX are used for the fast identification of 

composites in legal investigations [48,49]. Dental materials used in endodontics were also analyzed 

by PIXE and included calcium hydroxide preparations [80] and a tricalcium silicate MTA-type repair 

cement in comparison with a white Portland cement [156]. 

Proton μ-PIXE proved a valuable tool in studies on dental enamel and bone [127,130] and for 

mapping the surface of a dental composite at 4 μm resolution [126]. The µ-PIXE maps evidenced 

mineral particles with diameters ranging from ≤4 μm (Ca, Ba) to 60 μm (Zr, Yb). The distribution of 

Ca-rich particles revealed substantial differences from an area to another, which may lead to low 

local Ca
2+

 protection of the dental tissue in some areas. In a simple model [126] constructed on 

demineralization data of restorative materials [5,157], lateral diffusion of Ca
2+

 between adjacent 

domains with different concentration was described by exponential gradients. In the model, in dentin 

the Nernst equation predicted for Ca
2+

 gradient a field of 3.3 V cm
−1

 over a distance of 56 μm. Thus 

local electrochemical phenomena may contribute to the onset of secondary caries. Note that a 

potential difference of ~0.25 V was found between different parts of stainless steel implants [140]. 

Similar effects are to be expected in the protective action of F
−
 ions released from microgranules of 

YbF3 and of Ba fluoroaluminosilicate glass, as well as for metal ions released from metallic dental 

works. 

Alteration of dental composites and glass ionomers during oral use. The changes occurring in a 

Tetric Ceram dental composite filling during the in vivo oral use were studied [125] by simultaneous 

PIXE and PIGE measurements in the 0–270 keV range with a single, low-energy HP Ge detector. 

This technique was similar to that used by other authors [158,159] and allowed to see F together with 

the heavier elements in the same spectrum. The composite filling evidenced Cl and K accumulation 

(from saliva) and loss of F, Zr, Ba and Yb. The changes were similar at the surface and inside of the 

dental filling, indicating microscopic bulk fracture and cracks throughout its use. Some changes 

suggested also surface roughening by wear and grain size decrease by slow dissolution. Similarly, 

Zhou et al. [160] applied WDS-XRF and SIMS to evidence leaching of Ba or Sr from composites 

aged in artificial saliva as well as accumulation of elements and crystallite formation on the surface, 

while samples aged in ethanol displayed cracking. The above results are consistent to each other and 

are confirmed in a study [117] by a group who recently used PIXE and RBS to study the changes in 

the elemental composition of a glass ionomer produced by acidic beverages and by mineral water. In 

acidic media, Al, Si and Na were partly lost while maintaining a constant Al:Si ratio, whereas K, Ca 

and La increased their concentration at the surface. In mineral water the glass-ionomer mainly loses 

F and Na. The increment of the concentration of heavier elements at the surface was similar to the 

enhancement of trace element lines in PIXE specta evidenced in dental enamel after incubation in 

lactic acid solution [127]. The thickness of the modified surface layer extended with the immersion 

time [117], in formal agreement with our XRF data on dental enamel incubated in AgNO3 solution 

(Preoteasa EA, Gavrilus M, Preoteasa ES, unpublished, presented in [39]). Similar results were 

obtained on composites immersed in various media by attenuated total reflexion Fourier transform 

infra-red spectrometry, ATR-FTIR [161] and by inductively-coupled plasma mass spectroscopy 

(ICP-MS) and high-performance liquid chromatography (HPLC), respectively [76]. 

PIXE-PIGE of the composite-tooth interface. A spectacular application of μ-PIXE together with 

μ-PIGE gives insight of the interactions between F-releasing materials and dental  

enamel [119–123]. The F and Ca distributions were studied at the interface between tooth (including 
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at the cement-enamel junction) and composites or glass-ionomer cements. Using 1.7 MeV protons 

focused to 1 μm and measuring Ca by PIXE with a Ge detector and F by PIGE with a NaI(Tl) 

detector, 2D maps of the interface were constructed. By diffusion in an interface layer of 20–30 μm, 

F decreased in the biomaterials and increased in the tooth, while Ca showed the opposite trends in 

the interdiffusion layer. The diffusion layer parameters were significantly different depending on the 

type of F-releasing materials. The results show that the characteristics of F-releasing materials 

(fluorine distribution and mechanism of F-releasing) differentiate the resulting F distribution in the 

tooth hard tissue. The diffusion of Ca in the biomaterial was stronger in the case of the conventional 

glass-ionomer cement than for the resin-modified glass ionomer and for the resin composites. 

Interestingly, while the μ-PIXE and μ-PIGE mapping of Ca and F evidenced a width of  

20–30 μm of the composite-tooth interdiffusion zone, studies of the dentin-adhesive resin interface 

layer found a thickness of only ~2 μm by TEM and SEM [162] and of 4 to 6 μm by μ-Raman 

spectroscopy [163]. These significantly different gradients may be due to the different experimental 

characteristics but also to differences between the methods, which analyze and map distinct 

components of the system (Ca and F on one hand, adhesive resin on the other); thus these 

components undergo distinct diffusion processes in dentin. 

The review of PIXE and μ-PIXE studies of dental biomaterials shows a wide diversity of 

applications for analysis and mapping of elements in dental amalgam, alloys and implants, dental 

composites, glass ionomers and endodontic materials, as well as of their alteration during use. The 

method yielded excellent results for corrosion of implants and other metallic works, for metal 

diffusion in teeth and oral tissues and for the evaluation of metallic surfaces protection by 

bioceramics thin films, as well as for in vivo monitoring with external beam PIXE of Ti release from 

implants. The Ca and F interdiffusion zone at the composite-tooth interface was elegantly 

characterized by μ-PIXE together with μ-PIGE and revealed complex phenomena. Thus the PIXE 

method shows the signs of its maturity and will certainly contribute to further developments in dental 

biomaterials research. 

5. PIGE, NRA and emerging nuclear methods 

Overview. The methods presented here involve nuclear interactions in some way or another, and 

almost all are dependent on small accelerators. The most representative are Particle Induced Gamma 

Emission (PIGE) [16–21,39,164,165] and Nuclear Reaction Analysis (NRA) [16–18,20,21,39,164,166,167], 

which like PIXE use protons or heavier ions in the 2–4 MeV/amu energy range from a tandem 

accelerator or a cyclotron to bombard the atomic nuclei of the analyzed target. PIGE and NRA are 

methods for multielemental analysis and surface mapping just like PIXE. Moreover, PIGE and NRA 

allow depth profiling and work usually together with PIXE and RBS in a common experimental 

setup, either with broad beam or microbeam. Other two nuclear methods emerged recently and 

present potential interest for biomaterial research. Photoactivation Analysis (PAA) [31] irradiates the 

target nuclei with high energy gamma radiation generated by another type of machine, an electron 

linear accelerator. Positron Annihilation Lifetime Spectroscopy (PALS) [32] uses a beam of 

positrons from an artificial radionuclide undergoing beta decay (produced by a nuclear reaction in an 

accelerator), and provides structural information of pores and defects in very thin layers, 

complementary to the data from PIXE, NRA and PIXE. 
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5.1. The methods 

5.1.1. PIGE and NRA: Common background 

The physical basis and the experimental and instrumental aspects of PIGE and NRA make the 

object of books and review articles [16–21,39,164–167]; some of them cover selected aspects of 

biomedical applications [18,21,37,38,164,167], including topics from dental research [39,164,167]. 

Nuclear reactions. Both particle-induced γ-ray emission (PIGE) and nuclear reaction analysis 

(NRA) are based on the formation between the target nucleus and the projectile of a compound 

nucleus in a highly excited state that disintegrates or relaxes with a very short lifetime and with the 

emission of γ photons and/or massive particles. PIGE is a particular case of NRA, when only gamma 

photons are detected; while in a more restrictive sense in NRA the emergent particles (protons, 

deuterons or alphas) are detected instead of gammas. Both PIGE and NRA are not methods with a 

continuous dependence of sensitivity on the atomic number [38], because the cross-sections of the 

nuclear reactions involved do not follow a continuous function of Z or A. 

Coulomb barrier. Except the inelastic scattering of protons, which only excite the target nucleus, 

the other reactions where the incident and emergent particles are different require sufficient kinetic 

energy of the projectile to overcome the Coulomb barrier and drive the bombarding particle close 

enough for the strong interaction to take place. The repulsive Coulomb barrier under proton 

bombardment is around 3 MeV for 
16

O and 14.3 MeV for 
238

U. Thus for protons or deuterons of  

2–4 MeV/amu which are available at small accelerators only light elements are well analyzed by 

PIGE or NRA. Alpha particles are not so frequently used because their Coulomb barrier is twice 

higher and they require acceleration at higher energies. Reactions with deuterons above ~1.5 MeV 

have larger cross sections than with protons (because of the nuclear energy level structure of 

deuterium). 

5.1.2. PIGE: Specific aspects 

Overview. In this method [16–21,39,164,165], the prompt gamma rays’ produced in (p, γ),  

(p, p’γ), (p, αγ) or (d, pγ) reactions are detected, providing thus information about the elemental, 

isotopic and depth distribution in the surface layer of the target. PIGE is similar to PIXE in many 

respects. The PIGE experimental setup is practically the same as in PIXE except for the gamma 

detector, usually large NaI scintillation or Ge(Li) detectors; the former is more sensitive and the 

second has a better resolution. As already mentioned, PIGE is typically run in conjunction with PIXE 

and RBS. 

Detected elements and typical reactions. In principle PIGE may detect Li, Be, B, N, F, Si, O, C, 

P, Al, Na, Mg, S, Cl, etc. but usually a smaller number (e.g., not more than 4–5) of elements are seen 

in a spectrum. Occasionally, heavier elements like Cu, Zn, As have been evidenced in biological 

samples [21]. For instance a low energy PIGE spectrum of dental enamel evidences F, Na, Al and P. 

The 511 keV line of the e
–
e

+
 annihilation, which may originate in the 

19
F(p, α e

–
e

+
)

16
O reaction [107] 

is seen. We detected F, Na, Mg and P in deer antlers [129]. A reference database for PIGE 

spectroscopy is being developed [165]. Some nuclear reactions common in PIGE are shown in  

Table 3. Some authors [168–170] classify as NRA their experiments using the 
14

N(p, γ)
15

O and  
15

N(p, αγ)
12

C nuclear reactions, respectively, although they may be described properly as PIGE. 
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Table 3. Nuclear reactions used currently in PIGE analysis. 

Nuclear reaction Gamma rays energy (keV) 

15N (p, αγ)12C 6385 

18O(p, γ)19F 110, 197 

19F(p, p’γ)19F 110, 197, 1236, 1349 + 1357 

19F(p, αγ)16O 872 

23Na(p, p’γ)23Na 440, 1636 

23Na(p, αγ)20Ne 1634 

24Mg(p, p’γ)24Mg 1368.6 

25Mg(p, p’γ)25Mg 390, 585 

27Al(p, p’γ)27Al 844, 1014 

27Al(p, αγ)24Mg 1369 

27Al(p, γ)28Si 1778 

31P(p, p’γ)31P 1266.1 

Natural background. In the analysis of the PIGE spectra care must be given to exclude the quite 

numerous lines of the natural background which may interfere with the lines of analyzed elements. 

These are produced by the elements of the radioactive series (especially the radionuclides of the Th 

series—Th, Ra, Ac, Rn, Po, Bi, Tl, Pb) and by the ubiquitous 
40

K, which are present in the 

surrounding materials of the building. 

Interelement interference. In a precise PIGE analysis of fluorine by the reaction 
19

F(p, p’γ)
19

F 

with the γ lines at 110 and 197 keV, there may be interference with oxygen by the reaction  
18

O(p, γ)
19

F which yields the same peaks; but this contribution is not so important because the 
18

O 

isotope has a concentration of only 0.2% in oxygen [107]. 

Sensitivity of PIGE. The detection limits vary from element to element, depending on the cross 

sections of the nuclear reactions and on experimental conditions, but are typically on the order of 10–

100 ppm [38]. We found for F detection limits of about 300 ppm [129], which is near the normal 

concentration of F in enamel, but is much below the fluorine level in composites and in other F-

releasing dental materials. These values are in general lower than the best LODs in PIXE; however 

the PIGE detection limits of light elements can be better than in PIXE. Also for some light elements 

PIGE can be more sensitive than RBS. 

Sample damage. The beam current used in PIGE, when performed simultaneously with PIXE 

and RBS, causes some damage to the analyzed thin layer at the sample surface just like inthe last two 

methods. When PIGE is the main method for the detection of some low Z trace element, the damage 

can be higher due to lower sensitivity. 

Reference materials. Quantitative PIGE analysis for absolute concentrations measurements 

requires standards (e.g., we used Fluorspar NIST SRM-180, NaCl, Hay IAEA-V10 and Bone ash 

NIST SRM-1400 for PIGE of F, Na, Mg and P in deer antlers, respectively [129]). 

Resonant reactions. Among the nuclear reactions used in PIGE and in NRA, some present sharp 

resonances with a typical width of some keV. In resonant PIGE as well as in resonant NRA a high 

reaction yield is obtained only in a shallow depth region corresponding to the region of resonant cross 

section. By changing the incident beam energy the depth of the resonant region is changed [166]. 



804 

AIMS Materials Science  Volume 5, Issue 4, 781–844. 

When it is based on resonant nuclear reactions, PIGE may determine with high precision the depth 

profiles of selected elements [101,164]. 

5.1.3. NRA: Specific aspects 

Detected elements, sensitivity, typical reactions, resonant reactions. Nuclear reaction 

analysis [16–18,20,21,39,164,166,167] uses as projectiles ions like 
1
p, 

2
d and 

3
He, and analyzes 

emergent particles like 
1
p and 4α to detected elements of interest for dental materials like B, C, N, O, 

F and to determine their depth profiles in surface layers. One disadvantage of NRA is that it requires 

specific experimental conditions (projectile particle, its energy, appropriate particle detector and 

geometry of the experiment) for each analyzed element; thus a separate analysis must be made. 

NRA is more sensitive to light elements than RBS, with typical detection limits of the order 

of 10–100 ppm. 

Some reactions used in NRA for light elements are presented in Table 4. A somewhat unusual 

kind of nuclear reaction has been used by Chaudhri [167] for the analysis of carbon in dental enamel, 

namely 
12

C(
3
He, n)

14
O with halftime of 72 s, which requires a neutron detection system. The status 

of the problem of nuclear cross section data for IBA has been examined critically [17]. 

Table 4. Nuclear reactions used currently in NRA. 

Nuclear reaction Q, MeV 

11B(p, α)8Be 8.582 

18O(p, α)15N 3.9804 

19F(p, α)16O 8.1137 

12C(d, p)13C 2.722 

14N(d, p0–6)
15N 8.610 (p0) 

10B(d, α)8Be 17.818 

16O(d, α)14N 3.11 

12C(3He, α)11C 1.8563 

16O(3He, α)15O 4.9139 

At the same time NRA may determine the depth profiles very precisely when using resonant 

nuclear rections [171,172]. 

Note that some low Z elements may be detected by two methods which makes possible their 

intercomparison: N and F are detected by PIGE and NRA, and Al and P by PIGE and PIXE. In 

addition, all elements from C (Z = 6) are detected by RBS, and practically all elements from Z = 1 

are seen by ERDA. 

Sample damage. Standards, quantitative analysis. Damage of sample surface layer by NRA is 

similar to that taking place in PIGE—they are both non-destructive methods but are not noninvasive. 

The best quantitative analysis by this method is achieved with standards (see e.g., [171,172]). 

Other aspects on the potential of PIGE and NRA will be illustrated below by their applications in 

dental research. 
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5.1.4. PAA and PALS: Emerging nuclear methods 

Photoactivation analysis. PAA is a method similar to neutron activation analysis (NAA) but 

which uses for activation high energy photons instead of neutrons. It is a bulk analysis method, 

because high energy photons can penetrate deep into the material. The subject has been reviewed [31]. 

When a photon of high enough energy strikes a nucleus, a neutron or a proton can be liberated. In 

many cases, the produced nuclide is unstable and will decay by β
+
 or β

−
 emission or by electron 

capture, followed by emission of gamma photons in the energy range of 8 keV to several MeV. PAA 

can detect among other C, O, F, Na, Mg, Ca, Ti, Ni, Sr, Ba, As, Zr, Tl, Pb, U. The minimum detected 

amounts of elements are between 0.001 to 150 micrograms. PAA is not identical to induced gamma 

emission (IGE) which is analogous to optical fluorescence and usually involves a specific nuclear isomer. 

Positron annihilation lifetime spectroscopy. PALS (or positron annihilation spectroscopy in 

brief) is not a technique of elemental analysis but a thin layer characterization method. It is a still 

new nuclear method which waits for its applications in the characterization of dental materials; but it 

has been used in similar problems of material science. PALS gives information on the nanoporosity 

and subnanometer defects in materials surface layers and on thin layers thickness. Therefore it could 

be useful for studies of restorative composites whose pores are important for their properties, as well 

as of the protective oxide and nitride layers at the surface of Ti implants which have defects. The 

method and its applications have been reviewed [32]. PALS is based on the electron-positron 

annihilation. When a radioactive isotope such as 
22

Na (T1/2 = 2.6 yr) undergoes β
+
 decay due to weak 

nuclear forces, a positron is emitted concomitantly with a gamma photon. After the positron enters 

into a solid body, it may travel free until meets an electron and annihilates, or may form a bound 

state with an electron, a positronium, which also annihilates after a time through interaction between 

the two particles. The annihilation releases gamma rays of 511 keV; the time between the emission 

of positrons and γ rays from the radioactive source and the γ rays due to annihilation corresponds to 

the lifetimes of positron or positronium. The lifetime of positronium is longer in vacuum than in 

compact matter and has intermediate values in a porous material. This allows the estimation of the 

mean pore or defect size and the determination of statistical distribution of the pore dimensions. 

5.2. Applications of PIGE, NRA and emerging nuclear methods 

5.2.1. Illustration of PIGE and NRA performances 

3D mapping of F in enamel by resonant PIGE. Some of the best achievements of PIGE and 

NRA have been recorded in the study of fluorine distribution in the outermost layer of dental enamel. 

The performances of µ-PIGE were illustrated by the study of Lindh and Tveit [101] on dental enamel 

using a proton microprobe at 1 µm lateral resolution. Based on the detection of γ photons at 872 keV 

from the resonant reaction 
19

F(p, αγ)
16

O, the sequential 3D mapping of fluorine was made at 0.1–0.8 µm 

depth resolution down to 12 µm. The depth resolution decreased monotonically with the depth 

(from 0.1 µm at 0–1 µm depth to 0.8 µm at 11–12 µm depth). 

Depth profile of F in enamel by resonant NRA. Similarly, high performances of NRA were 

demonstrated by Moro [171] and Torrisi [172] in the measurement of fluorine depth profile in dental 

enamel by use of the resonant reaction 
19

F(p, αo)
16

O. Using a surface barrier semiconductor detector 
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for alphas, the spectrum of emitted α particles allowed an F depth profile down to ~5 µm with a 0.3 µm 

depth resolution. 

The thickness of the analyzed layer was greater in PIGE than in NRA. The depth resolution of 

the two methods was the same in the layer located at 1–2 µm from the surface. In both mentioned 

examples the detection limit for fluorine was of ~0.3 mg/g (300 ppm). 

5.2.2. Applications of PIGE and PIGE-PIXE 

PIGE of F in enamel in vitro and in vivo. Most applications of PIGE in dental research—alone 

or together with PIXE—were aimed for the analysis of F in teeth, in dental materials or in both at 

their interface. It was shown that PIGE analysis of fluorine by the 110 and 197 keV lines of  

the 
19

F(p, p’γ)
19

F reaction could be done concomitantly with PIXE using a single HPGe detector [39]. 

This type of PIGE-PIXE analysis of teeth was used for an epidemiologic study in a South Africa 

community [159]. F was analyzed also by the 6–7 MeV gamma rays from the 
19

F(p, αγ)
16

O reaction 

to monitor the uptake of fluoride into developing sheep teeth in New Zealand [173]. Important 

technical developments were made possible by the external beam setup. This allows the PIGE-PIXE 

in-air analysis of teeth in their natural state without any preparation and without drying [174], as the 

later may produce cracks in enamel and dentin. With an external proton broad beam, PIGE made 

possible the in vivo analysis of fluorine and other elements in human tooth enamel, aimed to compare 

the F uptake from different commercial fluoride-containing dentifrices and tooth gels [175,176]. A 

measurement was made in 1 min and dosimetric measurements showed that the radiation rate during 

the bombardment was small, less than 1 mrad/h due to γ and X-rays at 5 cm from the beam spot, and 

less than 0.1 mrem/h due to neutrons. The same in-vivo setup for PIGE-PIXE analysis evidenced an 

enhanced retention of fluorine in tooth enamel after laser irradiation [105]. 

PIGE-PIXE of F and other elements in dental composites. The combined PIGE-PIXE analysis 

appears today as the most rewarding approach in the investigation of changes occurring in fluoride 

releasing materials during their oral use as well as of the incorporation and effects produced by the 

F
−
 ion in the dental hard tissues. In our already mentioned broad beam, single-detector PIXE-PIGE 

study of the changes in a dental composite filling [125] we applied a multielemental approach and 

evidenced Cl and K accumulation and loss of Zr, Ba, Yb (by PIXE), and of F (by the 110 and  

197 keV lines in the PIGE spectra). Ytterbium was showing a 41% decrease, close to a 37% decrease 

of Ba, and both correlated well to the 27% decrease of F. This suggested that in the composite there 

are two main chemically bound fractions of F: One in YbF3 and one in a low-solubility compound of 

Ba (probably a barium fluorosilicate glass), respectively. The PIGE lines of F showed that about 

three quarters of the total available F remained unused in the composite during its oral utilization. 

The filling surface roughening by wear, the slow dissolution of mineral inclusions and the crack 

formation were suggested by changes in the ratio of the L lines of Yb and in the ratio of the 110- and 

197-keV lines of F. Thus the PIXE-PIGE measurements not only evidenced changes in the elements’ 

concentrations, but also suggested degradation mechanisms involved in the alteration of a F-

releasing dental composite filling. It is remarkable that changes in the physical structure of the 

composite could be evidenced in a simple way by the intensity ratio of F lines and of Yb lines. 

Degradation of composites consisting in microcavities, protruded filler particles, grain boundaries, 

and cracks has been evidenced by other methods [177]. 
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An important result suggested by IBA studies [125] is that during their oral use, F-releasing 

composites may be affected in much greater depth than the layers analyzed by PIGE and PIXE 

because of defect formation in the biomaterial. In this case, long profiles recorded with the proton 

microbeam in sectioned samples may be highly relevant for assessing permeation of the composite 

due to development of cracks and fissures. 

PIGE-PIXE of F and Ca in the composite-tooth interdiffusion zone. With the availability of an 

external scanning proton microprobe of ~1 µm resolution for in-air PIGE-PIXE elemental  

analysis [178], a Japanese group developed a different approach, consisting in the mapping of F by 

µ-PIGE and of Ca (and occasionally of Sr) by µ-PIXE at the hybrid bonding layer between the 

restorative dental material and the hard dental tissue. Because the specimen was bombarded in air, 

the necessity of pre-drying which may lead to shrinking or cracking of the dental hard tissue was 

avoided. Moreover a sequential study was possible by following the changes in subsequent phases of 

an experimental treatment. 

In the seminal studies of Yamamoto et al. mentioned before [119,120], the 2D µ-PIGE and 

µ-PIXE maps evidenced an interdiffusion layer of 20–30 µm at the interface between the two 

structures. As mentioned before, studies of the dentin-adhesive resin interface layer found a 

thickness of only ~2 µm by TEM and SEM [162] and of 4 to 6 µm by µ-Raman spectroscopy [163]. 

However, the different thiknesses obtained by different methods refer to different structures. The 

maps obtained by SEM, TEM and Raman microspectroscopy of the adhesive resin penetrating the 

dentin microchannels evidenced the “contact zone” between the composite resin and the dental tissue, 

while the µ-PIGE and µ-PIXE maps refered to the “interdiffusion layer” of F
–
 and Ca

2+
 ions. The 

former was mainly topographical and dependent on the ultrastructure of the dental tissue as well as 

on the viscosity, adhesivity and stiffness of the resin penetrating in the dentin canals. The later 

described the diffusion of F
–
 and Ca

2+
 ions in the dental tissue and in the composite or glass ionomer, 

respectively; the process involved individual ions and was close to the atomic scale. Therefore the 

diffusion of the small F
–
 and Ca

2+
 ions affected a much thicker layer than the contact zone between 

the composite resin and the dental tissue. The overall picture is an expression of the complementarity 

between different methods. 

In recent studies, the Yamamoto group using the combined microbeam PIGE-PIXE analysis 

continued to enrich our understanding on the interactions between F-releasing materials and dental 

tissues. They showed that caries progression was inhibited with increasing the amount of F uptake 

from fluoride containing materials [179]. Caries preventive effect of fluorine-containing material 

depends on the caries risk; an adequate amount of fluorine supplied from the material is required at 

higher caries risk [121]. In cavities filled with F and Sr-containing restorative materials the fluorine 

uptake showed a difference between the enamel surface and enamel cavity wall [122]. Fluorine 

contributes to the strength of the dentin-resin composite bond by fluoroapatite formation within the 

hybrid bonding layer [180]. The F penetration into tooth structure from the fluoride containing 

materials showed two types of F-tooth interactions: incorporation into the crystal lattice; and 

adsorption on the surface of microstructural elements (like enamel prisms) into the tooth hard tissues, 

with the former being chemically stable and contributing to the acid resistance of dentin by 

producing a dense structure [123]. 

Note that the difference in fluorine uptake between enamel surface and deeper layers [122] is 

consistent to the elemental profiles obtained in sectioned enamel by µ-NRA and µ-PIXE [181], and 

by µ-PIXE alone [125], respectively, which showed a denser and strongly mineralized layer at the 
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surface of enamel. At the same time, two types of interactions in a biomineral structure—by 

chemical bonding and adsorption—were postulated also for Zn in cortical bone [130], similarly to 

the incorporation of F into the tooth hard tissues [123]. 

5.2.3. Applications of NRA and NRA-PIXE 

Laser irradiated enamel studied by NRA-PIXE. The analysis of the organic component in 

materials with composite structure (as the dental enamel itself) was made possible by NRA. In the 

mentioned study of Sommer and Engelmann [181] µ-NRA together with µ-PIXE highlighted 

structural patterns of elemental distributions in dental enamel and their changes after irradiation with 

a continuous wave CO2 laser. They used the 
12

C(d, p)
13

C and 
14

N(d, γ)
12

C reactions and performed 

simultaneous µ-NRA and µ-PIXE to investigate the elemental distributions of C and N as well as 

of P, Ca, Fe and Zn in sectioned native and laser-irradiated dental enamel. They evidenced a higher 

minerality in the outermost layer of enamel, similarly to the µ-PIXE results of Preoteasa et al. [127] 

on enamel demineralization. The laser irradiation produced multiple effects which were different 

from one tooth to another, similarly to the findings of our SEM study of enamel irradiated with a 

pulsed CO2 laser [182]. In particular, the irradiation with a CW CO2 laser induced quasi-periodic 

concentration distributions of Ca, P, Ca/P, Fe and Zn in some teeth, and depletion of C and N from 

proteins near the enamel surface. This was followed—unexpectedly—by an increase of the two 

organic elements toward deeper layers of enamel. The detection of elements of unmistakable organic 

origin like C and N offers NRA promising perspectives for the investigation of dental materials of 

composite nature. 

Combined PIGE, NRA and PIXE measurements were used for the elemental analysis of normal, 

pre-carious and carious enamel, dentin and cementum, as well as for establishing correlations 

between elements and for tracing elemental profile in teeth [167,183,184]. Plausibly, the same 

methodology may be applied to dental materials. 

NRA of implant coatings. Another line of NRA applications is based on the capacity of the 

method to detect elements like O, C, N which may form protective layers at the surface of metallic 

works and dental implants, while analysis of F may be relevant for corrosion. Indeed NRA proved 

highly useful in the characterization of Ti oxide and nitride surface modifications aimed to provide 

dental implants with corrosion protection, improved osteointegration, minimized microorganism 

adhesion and improved tribological quality. Combined XPS and NRA analysis of oxidation of Ti and 

Ti alloys in nitric acid shows surface oxide thicknesses to be more variable and non-uniform than 

XPS analysis alone would suggest [185]. Oxidation of Ti surface in phosphoric acid leads to P 

incorporation into the oxide [186]. Surface modification of titanium by plasma nitriding improves 

tribological performance of Ti implants [168,169]. Plasma nitriding also minimizes Pseudomonas 

aeruginosa adhesion to titanium surfaces [170]. The studies conducted so far by this method are not 

many, but they open the way for expanding the palette of NRA to new applications in dental biomaterias 

research, compensating perhaps the more exigent experimental requirements of this method. 

5.2.4. Illustrative applications of emerging nuclear methods 

PAA of dental composites. As an illustration we refer to a study of Eke [187] aiming to evaluate 

the potential of PAA for the analysis of dental composites in comparison to SEM-EDX and XRF. 
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High energy electrons produced by an electron linear accelerator hit a tungsten disk (Bremsstrahlung 

converter) thereby producing high energy X-rays. The dental composite materials under study were 

exposed to the Bremsstrahlung radiation which produced photonuclear reactions. The radioactivity of 

the produced radionuclides was measured using a HPGe detector. As a result, photonuclear reactions 

of 12 stable elements were detected in different dental composites, and the elemental concentrations 

were calculated. The elemental contents of composites, e.g., Mg, Ni, Ba and Sr were obtained by 

PAA whilst C, O, Al, S, Ba and Sr were detected by XRF. The results for Ba and Sr obtained using 

the two techniques show considerable differences. 

PALS of protective coatings. In a study of the oxide layer prepared on the surface of silicon, 

good agreement was found [188] between the film thicknesses obtained by PALS and by NRA. But 

in addition, the positron annihilation measurements allowed the depth profiling of defects in the 

surface oxide layer, which was not available by other methods. In another investigation PALS was 

used for measuring the pore dimensions in a composite hydrogel for heavy metal uptake from water, 

and the pores’ dose-dependent changes following gamma irradiation [189]. PALS evidenced in the 

gel pores of sub-nanometric size (55–70 Å
3
) which showed free volume parameters changes 

dependent on the polymeric gel crosslinking. These two examples illustrate the remarkable potential 

of PALS for the characterization of pores and defects both in thin layers and in bulk specimens, 

sustaining thus the relevance of this method in the perspective of its applications to dental materials. 

The field of dental materials remains open for PIGE analysis and NRA, especially with proton 

microprobe at 1 µm resolution and in combination with PIXE, RBS, ERDA, XPS and other methods. 

There are many surface phenomena in dental materials and at the interface with enamel and dentine 

which could be examined with these methods, especially for high precision depth profiling of 

fluorine in teeth and in F-releasing dental materials. Microbeam PIGE-PIXE of the composite-tooth 

interface already proved that the Ca and F interdiffusion zone is deeper than the contact zone. New 

nuclear methods like PAA and PALS emerge and may play a complementary but valuable role in 

future studies. In particular, PALS is unique in the study of sub-nanometer defects in protective thin 

layers. 

6. RBS, ERDA and SIMS 

RBS, ERDA and SIMS—ion beam scattering methods of surface analysis. Rutherford 

backscatter spectroscopy (RBS) is typically run in conjunction with PIXE and PIGE in modern IBA 

facilities as mentioned. Elastic recoil detection analysis (ERDA) is not usually part of the standard 

configuration of small energy accelerators and requires somewhat more special experimental setups, 

but can be also performed in association with the IBA measurements. Both RBS and ERDA use ions 

accelerated at MeV/amu energies, while secondary ion mass spectrometry (SIMS) is not dependent 

on accelerators because it uses low energy ions. However, RBS, ERDA and SIMS have in common 

the ion bombardment of the target and the characterization of a thin layer at the surface of the 

specimen by analysis of emergent particles, nuclei or ions. 

Detailed theoretical, experimental and technical aspects of these methods and of related topics 

make the object of handbooks and monographs [19,20,22–25,33,190,191] and of chapters, review 

articles and technical reports [13,16,18–21,164,192]. Introductory notions, brief presentations of the 

methods with emphasis on their applications in biomedical, dental and biomaterial research are 

available [21,37–39,192], as well as theses on new experimental developments [193–196]. 
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6.1. The methods 

6.1.1. RBS and ERDA 

In general, the interaction of energetic ions in the target material consists of elastic and inelastic 

collisions of the incident ion with nuclei and electrons. In the case of an elastic scattering process the 

momentum and kinetic energy between the projectile and target colliding nuclei are conserved. In the 

laboratory frame of reference the elastic collision can be seen either as a scattering or a recoil process. 

Both RBS and ERDA are elastic scattering methods and they are discussed here together because the 

theory has a common start point. 

RBS—principle and related techniques. In RBS the backscattered incoming projectile is 

detected after the elastic scattering at a backward angle, close to 180° relative to the beam direction. 

Several experimental variants exist. 

A smilar technique is the ion (back-)scattering spectroscopy (ISS), a method which analyzes by 

energy the back-scattered incident ions (like in RBS), but uses less energetic projectiles (like in 

SIMS). Other abbreviations of RBS variants and of related techniques are EBS, PBS, PESA, FAST, 

FSA and FRS (see Table 1). A more special method is non-Rutherford backscattering spectrometry 

(non-RBS) which uses more energetic projectiles at tens of MeV [197], but this is not included in the 

present paper. 

ERDA vs. RBS—experimental aspects. In ERDA the recoiled target nucleus is detected at a low 

angle with the beam, which is bombarding the analyzed surface at a near grazing angle. The mass 

identification can be done by measuring the energy or the time-of-flight of the recoiled atoms. Heavy 

ions cannot backscatter from light ones, because it is kinematically prohibited. Therefore the mass of 

the projectile is less than that of the target in RBS, while the opposite principle is valid in ERDA. In 

RBS the sample is irradiated with light energetic ions, typically hydrogen, helium, nitrogen or neon 

of a few MeV/amu, while in ERDA very heavy ions like copper and iodine are used as projectiles. 

RBS cannot detect hydrogen but can detect in principle all other elements heavier than the projectile; 

ERDA can detect all elements lighter than the projectile, including hydrogen. For both methods the 

basic theory is the same, but it takes particular forms depending on the mass ratio of projectile and 

target, Mp < Mt in RBS and Mp > Mt in ERDA. The equations show explicitly that by measuring the 

energies of the incoming projectile and emerging recoil particles, both methods may perform the 

mass identification of the elements (and isotopes) in the sample [13,16–22,198]. 

In RBS the detector, typically a surface-barrier detector, is placed as close as possible  

to 180° relative to the beam, while in ERDA where the projectile ions are heavier than the target 

atoms (Mp > Mt), there is always a critical angle cr = Mt/Mp of the detector with respect to the beam 

beyond which the scattering cannot occur. In particular, in our ERDA measurements of a dental 

composite we used a compact E(gas)–E(solid) telescope detector consisting of a ionization chamber 

and a surface barrier silicon detector [50,77]. 

There are upper and lower limits for the energy of projectile particles. At higher energies the 

projectile approaches the Coulomb barrier of the target nuclei and inelastic scattering (nuclear 

reaction) may occur. At lower energies the effect of the electrons surrounding the nucleus cannot be 

neglected and the electronic screening begins to diminish the Rutherford scattering cross section, 

which requires corrections. 
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Standard free, absolute methods. The differential scattering cross section is given by the 

Rutherford formula, which takes particular forms in RBS and ERDA. In ERDA, the ratio R of 

densities of two elements a and b is given only by the numbers of recoil events for the elements a 

and b, their atomic masses, and the atomic mass of the projectile. RBS and ERDA are standard free, 

absolute methods and the concentrations of analyzed atoms in the target can be calculated directly 

using the Rutherford cross sections [13,16–23,33,39,164,190–192]; this represents a big advantage of 

the methods. 

Detected elements, mass resolution, sensitivity in RBS. In RBS there is much greater separation 

between the energies of particles backscattered from light elements than from heavy elements, and 

the method has good mass resolution for light elements, but poor mass resolution for heavy elements. 

The opposite is true for the element selectivity of PIXE and XRF, which is better for medium and 

heavier elements. Therefore, using RBS in conjunction with PIXE or XRF covers virtually the entire 

periodic table [16]. Usually RBS can resolve light elements that differ in mass by only 1 amu, like C 

from N or P from Si; this is important for dental composite materials which contain together organic 

polymers, phosphates and silica or glass nanoparticles. By using as projectiles heavier ions, e.g., 
14

N, 

RBS allows an even better mass separation, but in this case elements from H to N could no more be 

detected. For thick samples the mass identification may be complicated due to the superposition of 

spectra. RBS is more sensitive for heavier components of the sample, but on the expense of their 

mass resolution. The detection limits of RBS are of a few percent for low atomic number elements 

and <100 ppm for high atomic number elements [38]. 

Detected elements, mass resolution, sensitivity in ERDA. By using very heavy ions, no 

restrictions in elements to be detected exist. All elements from hydrogen to the very heavy ones, up 

to the projectile, can be measured with comparable sensitivities of about 0.1%. The sensitivity for 

hydrogen is enhanced by a factor of four. Also, the mass resolution of elements differing by 1 amu is 

very good in ERDA. 

Depth profiling. In both methods, the projectiles and the emerging particles or nuclei undergo 

energy loss in the material due to interactions with the electron clouds and to glancing collisions with 

the nuclei of target atoms. This means that a particle or a recoil nucleus scattered from some depth in 

a sample will have less energy than a particle originating from the sample surface. For instance, 

typical energy losses for 2 MeV alphas range between 100 and 800 eV/nm, depending on the sample 

composition, density and structure. Therefore it is possible to determine the elemental composition 

as a function of depth, i.e., to perform depth profiling of the analyzed surface layer of the sample. 

The nuclear analytical depth is about 2 µm in RBS (the maximum depth allowed by the RUMP 

software for RBS is 10 µm) and below 1 µm in ERDA. 

In brief, RBS and ERDA are standard free surface analysis methods allowing the determination 

of concentrations and the depth profiling especially for the light and medium elements. They 

complement with PIXE for heavier elements and for its better sensitivity and with PIGE and NRA 

for precise depth profiling of selected elements. 

6.1.2. SIMS 

We will discuss here briefly secondary ion mass spectrometry (SIMS) too, although this 

technique uses ions of several keV only from ion guns instead of ions accelerated to MeV/amu as in 

IBA. But SIMS is the most sensitive surface analysis technique, being able to determine the 
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elemental, isotopic, or molecular composition present in the parts per billion range. The method is 

presented in dedicated books and reviews [21,23–25,34,199]. 

Surface sputtering by low energy projectiles. In SIMS the analytical process is based on 

sputtering of the surface of the specimen (and not on backscattering or recoiling as in RBS or 

ERDA). As compared to the MeV energy particles used in IBA, which obey the Bethe-Bloch 

formula describing the energy loss by successive ionizations in the target, the significant divergences 

between data and the above mentioned theoretical predictions for energy lower than ~200 keV as 

used in SIMS evidence a different nature for the sputtering process. In sputtering atoms are ejected 

from a solid target after multiple collisions forming cascades, which are triggered by the incident 

ions of relatively low and intermediate (keV) energy. The sputter yield, the average number of atoms 

ejected from the target per incident ion, depends on the ion incident angle, the energy of the ion, the 

masses of the ion and target atoms, and the surface binding energy of atoms in the target. In SIMS 

the ion yield decreases exponentially with the ratio between the element’s ionization energy and a 

matrix dependent parameter. An algorithm that simulates sputtering based on a quantum approach is 

implemented in the TRIM code [111]. 

Experimental setup of SIMS. The mass of the ejected secondary ions is measured with a mass 

spectrometer. Typically, a SIMS spectrometer consists of a primary ion gun and ion column for 

accelerating, focusing and scanning the beam onto the sample, a mass analyzer separating the ions 

according to their mass-to-charge ratio, and a detector of ions. High vacuum is needed. While the 

first instruments used argon and oxygen for the primary beam ions, recent developments use primary 

projectiles like ionized C60, ionized clusters of gold and bismuth and even large gas cluster ion 

beams, e.g., Ar700
+
 [200]. The actual trend in instrumentation is in favor of time-of-flight mass 

spectrometers (ToF-SIMS). 

Detected elements, sensitivity, depth profiling in SIMS. All elements and their isotopes ranging 

from hydrogen up to uranium can be analyzed with SIMS. Detection limits for most trace elements 

are between 10
12

 and 10
16

 atoms per cubic centimeter, depending on the type of instrumentation, the 

primary ion beam used and the analytical area, and other factors. The detection limits are lowest for light 

elements (0.004 ppm for Li) and increase monotonously with the atomic mass (24 ppm for Hg) [21]. 

SIMS operation mode may be static (surface atomic monolayer analysis) and dynamic (analysis of 

successive layers unburied by sputtering). Therefore SIMS can perform depth profiling [201]. The 

analyzed depth is about 1–2 nm with the static operation mode and 1–2 µm in the dynamic mode, i.e., 

sputtering of successive layers. Values for the depth resolution obtained with SIMS are between 3 nm 

and several tens of nm, depending on the target and the depth of the profile to be measured [202]. 

Sample requirements. Because the analyzed surface layer is very thin (a few atomic layers), 

SIMS (like XPS) is very sensitive to surface roughness, in contrast to PIXE which analyzes thicker 

layers at the surface. Therefore SIMS requires surface polishing as well as standards for an accurate 

quantitative analysis. However thick samples in their natural state such as dental materials allow for 

a qualitative or semiquantitative analysis. The unique sensitivity of SIMS and its ability to detect not 

only elements but also molecular groups and fragments may compensate for the limited accuracy, as 

suggested by the many applications of this method. 
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6.2. Applications of RBS, ERDA and SIMS 

6.2.1. Applications of RBS 

Analysis of dental tissues and biomaterials. The capacity of RBS to discriminate elements 

according to their atomic mass, most performant for the analysis of light elements (excepting 

hydrogen) has been exploited in many studies, which also took advantage of the fact that this 

technique is frequently run simultaneously with PIXE and PIGE. In the fields of prosthetics and 

general dentistry, these may be illustrated by various applications, from the assessment of tissues’ 

contamination around a prosthesis [203], to the analysis of normal and decayed dentin and of dental 

calculus [204]. At the same time RBS together with PIXE proved useful in the characterization of a 

new Sr-delivering bioglass for clacified tissues’ impairments [205] and in the evaluation of changes 

induced in glass ionomers by common beverages and infusions [117]. 

Depth profiling of protective coatings. However RBS applied together with NRA, PIXE, XPS, 

FTIR and EDX demonstrated its excellence in the characterization of thin layers. Starting with 

non-biological applications, such studies are illustrated by the analysis of light elements in various 

thin films deposited on Si substrates [206] and by the monitoring of ion track formation in layers of 

SiO2 and TiO2 [207]. RBS proved highly valuable in the analysis and elemental depth profiling of 

thin layers prepared on the surface of dental materials for their protection and for enhanced 

biocompatibility by use of different techniques (ion beam sputter, ion implantation, plasma vapor 

deposition, laser deposition). The method has been used for the structural and compositional 

characterization of ion beam sputtered Ca phosphates layers on Si and Ti substrates [150], of ion 

beam sputtered hydroxyapatite films on Ti–6Al–4V alloy [208], of hydroxyapatite layers deposited 

by pulsed laser on Ti alloys (showing improved biological properties) [209,210], of bioactive 

amorphous silicon oxynitride films deposited by plasma vapor [211], of implanted Mg ions in the 

surface layer of Ti in view of their effects on the behavior of mesenchymal stem cells [212], and of 

ion beam sputter-deposited Nb on Ti substrates for protection against corrosion [213]. 

In brief RBS, as a standard free, absolute method for the analysis and depth profiling of low Z 

elements (except H), proved to be a valuable technique for the study of composition, thickness and 

structure of dental materials surface layers, especially of protective films on Ti implants. Thus RBS 

in combination with PIXE, PIGE and NRA is expected to play an important role in dental 

biomaterials’ research. 

6.2.2. Applications of ERDA 

Depth profiling of hydrogen and other elements in protective coatings. Analysis of dental 

materials. In biomedical applications, although not too many so far, ERDA yielded relevant 

information on biomineral structures, including bones [214] and the teeth surface [215,216]. In the 

field of biomaterials, it was associated to RBS, PIXE and NRA in studies already mentioned [194,207]. 

Together with some of these methods, ERDA evidenced itself in the characterization of calcium 

phosphate bioceramic films deposited on Si substrates and Ti implants [150] and had an essential 

contribution in the study of biomimetic diamond-like carbon coated titanium and of its influence on 

osteoblast and osteoclast differentiation in vitro [217]. ERDA is invaluable among other for 

providing information on hydrogen concentration and its depth profile in the deposited amorphous 
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carbon layers [218], as hydrogen cannot be detected by RBS. In such studies an association of ERDA 

with XPS and Raman spectroscopy [218] and with measurements of surface roughness and 

hydrophilicity [217] proved highly useful. We applied ERDA with Cu ions projectiles for the 

analysis of flat and smooth samples of the Tetric Ceram dental composite and determined the 

concentrations for 9 light elements from H to Si [50,77]. Moreover, the depth profiles of these 

elements in the composite were obtained and showed increased concentrations of H, C and N, at the 

most superficial layer of the sample the last two elements being associated exclusively with the 

composite’s organic polymer (Preoteasa EA and Pantelica D, unpublished). The same ERDA 

experimental setup [198,219] as in the analysis of composite [50,77] and bone [214] was used 

together with XPS in a study of TiN thin layers [220]; the later are devised as potential protection 

coatings of implants. The elemental depth profiles and their computer simulation with the program 

SURFAN (Negoita F et al.) are shown in Figure 3. The presence of a small amount of O and C in 

addition to Ti and N is due both to residual gas incorporated in the chamber walls and to the 

contamination during sample handling in open atmosphere before the composition analysis. 

 

Figure 3. Typical ERDA depth profiles of Ti, N, O and C for a TiN coating prepared by 

cathodic arc deposition and corresponding computer simulations. The detector of the 

elastically scattered recoils was a compact E(gas)–E(solid) telescope with the residual 

energy silicon detector placed inside the ionization chamber. For measurements an 

incident 80 MeV Cu
10+

 ion beam (2.76 MeV/amu) was used (Reproduced from [220] 

with permission). 

In brief ERDA, also a standard free, absolute method like RBS, has a great potential for surface 

analysis and depth profiling of light (including H) elements and also for intermediate Z ones, 

especially in protective thin layers on Ti implants. Best depth profile results were obtained by ERDA 

on H in amorphous diamond-like carbon coatings and on laser deposited ceramics. ERDA in 
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combination with PIXE, PIGE and NRA layers is waiting for new applications in dental biomaterials 

research. 

6.2.3. Applications of SIMS 

Analysis and depth profiling. SIMS applications in biology occured early [221] including also 

studies on bones and teeth [222] and they have been reviewed [21,40,222,223]. The SIMS analysis 

has been applied to bone; progress has been made in the quantification of its calcium content [224] 

and of its changes [225]. 

In dental research SIMS has been applied initially in studies of elemental depth profiles in 

normal enamel and dentin [226,227], and it was recently used together with FTIR in the investigation 

of carious dentine [228]. 

In the study of dental materials, of their components and their interactions SIMS was used either 

alone or associated with FTIR, Raman, XRD, XPS, SEM, TEM and AFM. Much attention was paid 

to calcium and phosphate compounds. Such applications included nanoscale surface characterization 

of hydroxyapatite and fluorapatite by monitoring Ca, F, PO, PO2 and PO3 [229] and of biphasic 

calcium phosphate and β-tricalcium phosphate bioceramics [230]. The Ca phosphates could be 

differentiated by SIMS monitoring of PO3
–
, O

–
, Ca

+
, CaOH

+
, PO2

–
, and OH

–
 ions using multivariate 

statistical analysis [231]. Similarly, the method could discriminate the calcium carbonate  

polymorphs [232], and characterize zinc polyphosphate glasses [233]. Also SIMS contributed to the 

understanding of the adhesion of glass-ionomer cements to dentin [234] and of the effects of 

silanized surface of ZrO2 granules on the adhesion to resin [235], as well as of the action of solutions 

relevant for human biological fluids on calcium silicate-based cements [236]. Along another line, 

SIMS proved highly efficient in the study of organic coatings of dental materials, such as  

proteins [193,237] and glycans [238] adsorbed on metals for dental implants. A fruitful direction 

proved to be the use of SIMS in studies aiming to the improvement of coatings on implant Ti alloys. 

The investigated biomaterials included strontium based coatings of Ti implants [195], phosphonic 

acid treated Ti surface for improved bone bonding [239] and porous titanium implants altered after 

one week mineralization in bone [240]. Finally, it was shown that magnetoelectropolishing can result 

in dehydrogenation of surface layer of metallic biomaterials. SIMS analysis and depth profiling of 

hydrogen concentration in AISI 316L stainless steel monitored perpendicularly to the flat sample 

surface up to a depth of 0.8 μm showed that conventional and magnetoelectropolishing diminishes 

significantly the H concentration, depending on the process conditions [241]. 

SIMS spectra are multicomponent, evidencing many ion species (of elements and of chemical 

groups or small molecules); For instance we detected by SIMS about 15 elements in the dental 

composite Tetric Ceram, let apart compound ions and molecular groups (Preoteasa and Colceag, 

unpublished). Therefore their interpretation requires sometimes multivariate analysis to extract 

information from complexity [242,243]. 

In brief, SIMS is a highly sensitive technique for surface characterization of nanoparticles of 

native and substituted Ca phosphates, carbonates and glasses, as well as of composites, glass-ionomers 

and cements. It is well suited for the study of organic/inorganic coatings of dental materials and of 

adhesion and adsorption processes. Although it is only qualitative or semiquantitative in the absence 

of standards, the capacity of detecting all elements as well as molecular fragments, together with its 
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utmost sensitivity recommends SIMS as one of the most promising methods for future dental 

materials’ research. 

To summarize, methods based on scattering processes produced at the specimen surface under 

the bombardment of ion beams—namely backscattering (RBS), recoil (ERDA) and sputtering 

(SIMS)—proved highly useful in the characterization of dental materials. Although RBS and ERDA 

are suited for the analysis of low and medium Z elements, together with PIXE they cover the entire 

periodic table; concurrently, SIMS detects all elements from H to U as well as molecular fragments. 

Moreover RBS and ERDA have the unique advantage of being standard free, absolute methods, 

which allows a (semi) quantitative analysis of dental biomaterials even in the absence of reference 

materials. In particular, all methods proved extremely useful for the analysis and depth profiling of 

protective films deposited on Ti implants, of organic coatings formed by adsorption, as well as for 

the study of adhesion of dental materials on hard dental tissues. They are expected to contribute in 

further studies together with PIXE, PIGE and NRA to the development of new dental biomaterials. 

7. XPS and AES 

With the SIMS technique discussed above we approached a set of surface analysis methods 

which give information not only on the elemental composition but also on the chemical environment 

of the detected atom. In general, the incident particles can be ionic clusters, ions, photons or 

electrons. In the IBA techniques, the emerging particles are photons and ions; in the XRS methods 

they are photons and electrons. When the emerging particles are electrons, we deal also with a 

method of electron spectroscopy (ES). X-ray photoelectron spectroscopy (XPS) and Auger electron 

spectroscopy (AES) are ES methods for surface analysis of solids [23,26,27,34,35,190]. They 

provide both elemental and chemical information; by the later attribute, they are related to some 

degree to SIMS and also to EXAFS and XANES which will be presented later. 

7.1. The methods 

Principles and general aspects. In XPS and AES, an atom in the surface layer is ionized in its 

outer orbitals and emits an electron. In AES the electron emission is stimulated by bombardment 

with electrons of a few keV, while in XPS the electron emission is stimulated by soft X-rays (of 

similar energy). Thus the electron is ejected either by photoelectric effect (in XPS) or by Auger 

effect (in AES); the electron energy is measured and analyzed. The electron binding energy of each 

of the emitted electrons can be determined, and this gives the information about the chemical bonds 

involving the analyzed atom. Therefore both techniques recognize elements and also their chemical 

bonding state by the kinetic energy of ejected electrons [23]. 

Both techniques analyze ultrathin layers at the surface of the sample because the electron escape 

depth is very small. For example, the escape depth of an electron of 10, 100 and 1000 eV is 0.5, 2 

and 5 nm, respectively. As a consequence, the matrix effects are very small [35]. AES is performed 

with an analytical SEM microscope, while XPS is presently conducted with focused X-rays beams of 

synchrotron radiation. The energy of Auger electrons is lower than that of photoelectrons and this 

limits both the escape depth and the sensitivity of AES. Accordingly, the applications of AES are 

more relevant for phenomena involving only the topmost monolayer(s) of atoms and molecules, and 

there are appreciably fewer studies by this method than those of XPS in the field of dental materials. 
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Therefore we do not describe here AES in more detail and we focus on XPS, a method of broad use 

due among other to its higher sensitivity. XPS and AES have made the object of books and 

chapters [26,27,190] and have been discussed comparatively in review articles [23,34,35]. 

Chemical shift mechanisms in XPS, bonding of atoms and energy levels. XPS—initially called 

electron spectroscopy for chemical analysis (ESCA)—is a quantitative spectroscopic technique that 

irradiates a material with a beam of monochromatic X-rays while simultaneously measuring the 

kinetic energy and counts of electrons that escape from the top layer 1 to 10 nm thick of the material 

being analyzed, to determine the elemental composition of the surface, as well as the chemical bonds 

or the electronic state of the atoms [27,34]. 

Because the sample is irradiated with relatively soft X-rays (<10 keV), ionization occurs in the 

innermost electronic shell (n = 1) only for low Z atoms of the 2
nd

 period, e.g., C(1s), O(1s), F(1s), 

and in the upper electronic shells (n = 2, 3, …) for higher Z atoms of the 3
rd

 period, like Si(2s), P(2s), 

S(2s), Cl(2s), of the 4
th

 period including for instance Ti(2p), Ti(3p), Fe(2p), Fe(3p), Zn(2p), Zn(3p), 

of the 5
th

 period illustrated by Ag(3p), Ag(3d), etc. These photoelectrons carry information from the 

core-level orbitals, which are not directly involved in chemical bonding but are influenced by the 

valence orbitals and by the interactions between them. Each photoelectron gives a principal 

photoionization peak with a discrete energy, which is characteristic to each element but which shows 

a chemical shift depending on the bonding state of the atom and on the energy level picture of the 

surface layer. Therefore XPS can distinguish between different compounds of the same element 

present concomitantly in a sample. At higher energies in the XPS spectrum appear also lines due to 

transitions between electronic levels which occur during the primary photoionization event [34], e.g., 

C(KLL), O(KLL), Fe(LMM). The valence band and electron density at the atomic or molecular 

surface monolayer may differ from the bulk because of the reduction of bonding atoms number at the 

surface [35]. Thus the surface may show a chemical shift with respect of the bulk and XPS is very 

sensitive to adsorption of impurities and molecules, to surface chemical reactions or to segregation of 

polymers on the surface due to the specific differences in surface bonding [34]. 

Detected elements and sensitivity. XPS detects all elements above lithium (Z ≥ 3). The XPS is 

sensitive to impurities down to 0.1–0.2% of the surface monolayer concentration, corresponding to 

ppm level in the bulk if the impurity is segregated in the first few monolayers. However, detection 

limits for most of the elements are in the parts per thousand range (0.1%) in bulk. The sampling 

depth can extend from several molecular layers or 1 nm, up to 10 nm, and depth profiling of the 

surface can be done [34]. Because the analyzed surface layer is very thin, XPS is very sensitive to the 

surface roughness and may require polishing for quantitative analysis. 

Experimental setup. The usual radiations used in XPS are the Al Kα and Mg Kα lines, or 

synchrotron orbital radiation below 10 keV. For measurements on the surface specific valence band 

and Fermi level energies but without the inner core levels, UV radiation of 20–40 eV is used for 

excitation and we deal with UV photoelectron spectroscopy (UPS). An optimized geometry of the 

experimental setup may increase the signal from the sample surface, similarly to PIXE, PIGE, 

EXAFS and XANES. Angle dependent photoemission and use of polarized X-rays, as the 

synchrotron radiation is, can give information on the surface structure and on the symmetry and 

orientation of adsorbed species [35]. 

Accuracy and image resolution. Quantitative accuracy depends on several parameters such as: 

Signal-to-noise ratio, peak intensity, accuracy of relative sensitivity factors, correction for electron 

transmission function, surface volume homogeneity, correction for energy dependency of electron 
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mean free path, and degree of sample degradation due to analysis. Under optimum conditions, the 

quantitative accuracy of the atomic percent is 90–95% of each major peak. The quantitative accuracy 

for the weaker XPS signals is of 60–80% of the true value. 

Image resolution of spectroscopic maps at levels of 200 nm or below has been achieved on 

imaging XPS instruments using synchrotron radiation as X-ray source. 

Sample degradation during analysis occurs mainly at atomic level and consists in free radical 

formation. It depends on the sensitivity of the material to the energy of X-rays used, the total dose of 

the X-rays, the temperature of the surface and the level of the vacuum. However the ejection of 

electrons from the sample surface by the intense synchrotron X-rays leads to the accumulation of 

positive surface charges which have to be neutralized because they distort the results of 

photoelectron energy measurement. 

7.2. Applications of XPS and AES 

XPS appears to be one of the most extensively applied methods of surface analysis in the field 

of dental materials research. Within this class of applications, about one half is focused on Ti 

implants and one third on hydroxyapatite and other Ca phosphates; but there is a remarkable 

diversity in the nature of investigated materials which goes from metallic alloys to polymers 

extracted from various organisms used in dentistry. 

Dental alloys, implants and protective coatings. The flourishing evolution of XPS to dental 

materials grew on the experience of detailed studies on the composition of fluoridated dental enamel 

and the depth profiles of C, F, P and Ca at the tooth surface [244]. The interactions between 

superficially applied fluorides and enamel as revealed by the identified chemical compounds were 

also approached in early studies [245]. XPS has been used for the characterization of Ti and Ti alloys 

surfaces [246] as well as of TiO2 thin films [247,248] in conditions relevant for the interactions 

occurring in the biological environment (review by [40]). Surface phenomena in the presence of H2, 

O2, N2, NH3 and OH
–
 such as adsorption, chemisorption and oxidation have been 

 investigated [249–252]. In particular, mixed oxidation states at oxidized Ti surface have been 

revealed [253]. Moreover XPS studies include, among other, the following topics on materials used 

in dentistry: corrosion of a stainless steel and its protection [254], formation of nanostructured 

coating on NiTi alloy by plasma electrolytic oxidation [255,256] and surface characterization of 

recently marketed Ti implants [257]. In Figure 4 an example of XPS spectra of the same TiN thin 

layer prepared by cathodic arc deposition as presented before (see Figure 3) is shown [220]. In 

addition to the elemental composition, the XPS spectra revealed the chemical bonding of different 

compounds existing at the surface of the TiN coatings. It was found that a basic cvasistoichiometric 

TiN compound (N/Ti ≈ 1) was covered by a mixture of Ti2O3 and TiNO, with relative concentrations 

depending on the deposition parameters. Along this line, modifications of the Ti implants surface by 

various procedures were studied. These included plasma electrolytic oxidation [255,258], 

hydrofluoric acid treatment [259], and acid etching, anodization, deposition of Ca/P and sand 

blasting [260,261]. The purpose of such surface treatments was not limited to surface protection of 

Ti implants against corrosion, but it aimed also for improving their wettability and  

osseointegration [261]. Even more, XPS was used to characterize implants with enhanced 

antibacterial activity by antibiotic decoration [262]. Within the class of biocompatible implants, a 

particular interest was shown in studies by XPS and AES for the deposition and growth of 
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hydroxyapatite (HA) on the Ti implant surface [263,264]; Ca phosphates nucleation on Ti surfaces, 

which may occur at the implant-bone interface, has been evidenced by XPS and IR [265]. 

 

Figure 4. XPS spectra for Ti(2p), N(1s) and O(1s) peaks of a TiN coating layer prepared 

by cathodic arc deposition (the same as in Figure 3), together with the last square fit of 

the peaks. A take-off angle of 55° with respect to the sample normal was used. The 

resolution was ~1.6 eV. Mixed Gauss/Lorentz functions were used for the peak-fitting. 

(Reproduced from [220] with permission). 

Ceramics, composites, glass ionomers, polymers. The XPS of implant mineral coatings was 

paralleled by studies on the HA itself [266–268] and on other Ca phosphates [230,269,270]. Other 

materials with different use in dentistry include ceramics like oxides and carbonates of Ca, Sr and  

Ba [271] and ZrO2 with enhanced hydrophilicity and biocompatibility obtained by oxygen plasma 

treatment [272]. Such filling ceramics are incorporated in restorative biomaterials where they are 

embedded in an organic polymer matrix. 

As XPS has the advantage of analyzing both light organic and heavy inorganic elements, it has 

been applied in studies of dental composites [273] and hydroxyapatite-containing glass ionomer 

cements (Roche KJ, Stanton KT (2012) Improving mechanical properties of glass ionomer cements 

with fluorhydroxyapatite nanoparticles. Available from: 

https://www.dcu.ie/sites/default/files/conference_sbc/Kevin%20Roche_UCD.pdf). Moreover the 

interfaces of dentin with glass ionomer cement [274] and with bonding conditioners [275] have been 

examined by XPS. On the background of XPS applications in polymer physics and chemistry [34], 

organic biomaterials of dental use were investigated with this method. Such studies include polymers 

of composite’s organic matrix type [276], dental adhesives [277] as well as HA-reinforced  

chitosan [278] and chitosan-alginate supramolecular complexes [279]. Carefully XPS examination 
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has been made for mineral standards of biological interest [280] to be used in studies of Ca 

phosphates for dental materials. 

In the above investigations, XPS was sometimes accompanied by AES [257,263]; it was usually 

combined with structural methods like XRD, with molecular spectroscopy like FTIR, with other 

surface analysis methods like SIMS, with elemental analysis techniques like EDS/EPMA, as well as 

with microscopy imaging including SEM, TEM, AFM and OM. 

Tests to perform micro-XPS with 650 eV photons and 10 µm lateral resolution at the Elettra 

synchrotron (Trieste) of a Valux Plus (3M) dental composite (Gregoratti L, Preoteasa EA, Preoteasa 

ES, unpublished; quoted in [39]) were not conclusive because of the strong and inhomogeneous 

electrical charging of the biomaterial under the intense soft X-ray irradiation. This produced variable 

and incontrollable drift of spectral lines in the electron energy spectra of different areas. Lateral 

resolution was limited to 10 µm because focusing increased the local charging. The peaks of ~135, 

115, 88 and 60 eV might be attributed probably to O(2s) and Si(2s) from the SiO2 and ZrO2 fillers 

and from the organic polymer, but other assignments (such as Zr and less plausibly Ca or N) could 

not be excluded. The peaks at 135 and 115 eV showed a complex structure with two or three 

components suggesting the same element in different environments, e.g., O in SiO2, in 

hydroxyapatite, in a borosilicate glass, in BaO, in ZrO2 and in the organic polymer; and Si in SiO2 

and in glass. These preliminary results, though negative, suggest that improved measurements of 

dental composites would require an electron flood gun to neutralize positive charges. Given the small 

escape depth of photoelectrons (somewhere between 2 and 5 nm), this solution would avoid possible 

complications which may appear in the case of surface covering with a conductive thin layer (e.g., of 

C or Au). 

To sum up, XPS (and to less extent AES) are excellent surface analysis techniques which found 

many applications in dental materials research, mainly for the elemental, chemical and electronic 

characterization of coatings on Ti implants and ceramics filling particles as well as for the 

understanding of F chemistry in hard dental tisues. XPS is an information rich technique, with broad 

use and with a relatively easy interpretation of data [34]. Without any doubt, developments of XPS 

(and AES) applications along these lines and new ones, involving for instance composites, glass 

ionomer cements and bioactive phosphate glasses will continue. 

8. EXAFS and XANES 

Extended X-ray absorption fine structure (EXAFS or XAFS in brief) and X-ray absorption near 

edge structure (XANES) also called near-edge x-ray absorption fine structure (NEXAFS) are two X-

ray spectroscopic methods [28–30,281] now in full swing, including for dental biomaterials 

applications. An introduction to the theory and experimental aspects of EXAFS and XANES [282] 

and a conceptual account in historical perspective [283] are available. A brief presentation can be 

found also in a general review on biomedical applications of synchrotron-based methods [38]. 

8.1. The methods 

Principles and general aspects. EXAFS and XANES give chemical information of molecular 

and electronic structure, similarly to XPS and somewhat to SIMS. Their take-off is vitally associated 

with the advent of synchrotron facilities able to provide tunable high brilliance beams of X-rays. 
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When the incident X-ray energy matches the binding energy of an electron of an atom, the number of 

X-rays absorbed by the sample and the corresponding absorption coefficient µ increase dramatically, 

causing a drop in the transmitted X-ray intensity. This results in an absorption edge. However, in 

certain experimental conditions one observes a “fine” structure before and after the main edge in the 

X-ray absorption spectrum, and these less intense lines are dependent upon the chemical state and 

environment of the absorbing atom. 

By the measurement of the fine structure in the absorption spectrum, EXAFS and XANES can 

therefore yield detailed information about the chemical bonding involving the absorbing atom. They 

can not only help recognizing specific molecular groups, but they can also monitor speciation and 

changes by chemical reactions. The detected species can be mapped with focused microbeams of 

synchrotron X-rays just as in SRXRF. 

The XANES spectrum is collected in a domain about 100 eV below and above the absorption 

edge, while the EXAFS spectrum occurs in a region of about 1500 eV from the edge on. The two 

domains overlap close to the absorption edge and some authors use the term XAFS for the spectra 

recorded about the confluence zone; other uses of this acronym make it even more ambiguous. 

The physical basis of the methods as illustrated by EXAFS. The physical phenomena involved 

in EXAFS and XANES are different to some extent and more complex than in other absorption 

spectroscopy methods. While the absorption edge can be explained with the simple Bohr’s planetary 

atom model, the fine structure near the edge in the X-ray absorption spectrum can be understood 

only with the correct quantum theory using electronic wavefunctions instead of circular 

trajectories [282,283]. By ascribing a central role for the photoelectron ejected following the 

absorption of incident X-rays, EXAFS an XANES have also a common point with XPS, although 

they are based on very different principles. 

The ejected photoelectron’s energy will be equal, in general, to that of the absorbed photon 

minus the binding energy of the initial core state. The X-ray absorption fine structure is determined 

from the dipole transition matrix between the initial K-state and the final photoelectron state. For 

certain energies of the X-ray photon which appear in the fine structure, the final state of the 

photoelectron is an outer unoccupied electronic orbital. Such outer orbitals are influenced by the 

neighboring atoms and by their bonding to the absorbing atom. They are particularly relevant in 

EXAFS. Their structure and energy depend also on the process of photoelectric ejection of an inner 

electron which subsequently occupies them. 

In EXAFS, the ejected photoelectron is described by a spherical probability wave which 

expands in the lattice and is partially scattered by neighbors of the absorbing atom. The neighboring 

atoms are treated as point scatter centers. The total scattered wavefunction is summed from the 

waves scattered by each atom. It then interferes with the incident spherical wave and the resulting 

wavefunction produces the interference pattern typical to the EXAFS spectrum. Due to the above 

processes, the final wavefunction will contain information from the neighboring atoms [282,283]. 

The EXAFS spectra show zeroes located proportionally to the zeroes of the half integer Bessel 

function. This type of pattern appears in the solution of the wave equation for a particle in a spherical 

cavity. In a simple model postulated for EXAFS, the central absorbing atom was surrounded by 

atoms forming a regular polyhedron (e.g., a metal ion in the center of a regular octahedral complex); 

the non-distorted polyhedron was further approximated by a spherical potential well with 

impenetrable walls and of equivalent volume. This simple model in spite of its approximations could 

explain many experimental data and showed how the EXAFS spectrum carries information on the 



822 

AIMS Materials Science  Volume 5, Issue 4, 781–844. 

mean length and electronic structure of the chemical bonds between central and neighboring atoms. 

Because the neighboring atoms distort predominantly the outermost orbitals and their energy levels, 

EXAFS is a short range order effect determined primarily by the first neighbor atoms [283]. The 

mentioned model included only the first neighbor distance and spherical symmetry; in subsequent 

generalizations, extensions were made to include more complex lattices and defect structures. 

In XANES similar but even more complex effects occur, involving multiple-scattering resonances 

of the photoelectrons ejected at low kinetic energy; the processes have in common with EXAFS the 

“feed-back” from the neighboring scatterer atoms. Hovever in the low energy range (5–200 eV) of 

the photoelectron kinetic energy the electron scattering amplitude becomes much larger so that 

multiple scattering events become dominant in XANES. 

More on the potential of EXAFS and XANES. Both methods give information on oxidation state 

of the absorbing atom, local symmetry around it and its distortions, first neighbor mean distance, 

other interatomic distances and bond angles, bond types and energy. This kind of information is 

similar to that provided for instance on coordination complexes by EPR and Mössbauer spectroscopy. 

But while the later is limited to the Mössbauer elements present in dental materials (e.g., Fe and Sn 

in certain dental alloys or amalgams or SnF2 in some dentifrices) and the former applies only to 

transition metal ions, EXAFS and XANES work for almost all elements (in principle for elements 

with Z ≥ 3). Also because the two X-ray absorption methods depend only on the first neighbors, 

EXAFS and XANES may be used for any kind of samples (crystalline and amorphous dental 

materials). Note finally that matrix effects occur due to self-absorption of X-rays in the sample, just 

as in XRF and PIXE. 

Experimental aspects. The best observation of EXAFS and XANES spectra is achieved when 

the experimental setups satisfy either the thin sample limit or the thick, dilute sample limit. For 

relatively thick, concentrated samples, the absorption from the element of interest and the attenuation 

due to other effects become close and the XAFS spectrum can be completely lost (similarly to XRF 

or PIXE with a high background). If the self-absorption is not too severe, it can be corrected by use 

of appropriate equations. For strong self-absorption effects in thick, concentrated samples, where 

corrections are not sufficient, a setup geometry near the grazing exit limit is recommended [282]. 

Measurements can be made in transmission and fluorescence modes. In the later, self-absorption 

plays a very important role. The preparation of thick samples of dental materials is most convenient 

for the fluorescence mode, but the fine structure spectra of highly concentrated elements could be 

hidden by the intense absorption edges. Note that there are experimental analogies and differences of 

XAFS on one hand with PIXE, XRF, optical fluorescence and spectrophotometry on the other. 

Sample degradation and accuracy. The EXAFS and XANES techniques are completely 

nondestructive and noninvasive, at least at the level of optical microscopy examination. Nevertheless 

the intense synchrotron radiation produces ionizations and free radicals in the analyzed layer which 

could be detected by EPR and which could affect the quantitative analysis of XAFS. The accuracy is 

of about 10–20% in good conditions. 

Sensitivity. The sensitivity of EXAFS and XANES is comparable to SRXRF. Detection limits 

down to 1–10 ppm could be obtained with synchrotron radiation of 10
9
–10

10
 s

−1
 µm

−2
 photon flux 

generated by a machine with wigglers and undulators. 

Lateral resolution. With a synchrotron radiation microbeam focused with X-ray optics the 

lateral resolution is usually of about 10 µm; but in the best possible conditions it may reach 0.3 µm 

like in µ-SRXRF. 
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In a final comparison, let us mention that the XANES spectrum is much more intense than that 

of EXAFS; it is easier to crudely interpret but at the same time it is harder to fully interpret. 

8.2. Applications of EXAFS and XANES 

Overview. Given the complexities in the interpretation of spectra, EXAFS and XANES have 

been applied mainly, but not exclusively, for the characterization of pure dental materials’ 

components, like ceramics and glasses, instead of the final products as e.g. composites where the 

same element can exist in various chemical environments (e.g., in a composite O may coexist in 

apatite, glass particles, SiO2, ZrO2 and organic polymers). Studies have been performed by EXAFS 

or/and XAFS [141,284–290], by XANES [211,291–294] or by both methods [72,295–297], often in 

combination with other surface analysis techniques like EDS [286], XRF [72], PIXE [141] and 

RBS [211], with molecular spectroscopy methods like NMR [288,289,296] and FTIR [211], and 

with crystallographic and topographic determinations by XRD [72,286,288,290], by neutron 

diffraction [288], and by scanning transmission X-ray microscopy (STXM) [293,294]. 

Dental amalgam, alloys, implants. A large diversity of dentistry-relevant materials, their 

changes during the oral use and the tissue contamination has been investigated by EXAFS and 

XANES. In aged dental amalgam the formation of Hg sulfur compounds was evidenced [284]. 

Ektessabi et al. [141] analyzed the chemical state of the eroded and dissolved metals from a 

metal-polyethylene prosthesis. Uo et al. [285] monitored the dissolution of the TiNi alloy and of a 

stainless steel in oral environment-like media. The fate of Ti and of stainless steel debris from 

implants was followed for their pro-inflammatory impact [72]. In a patient with a dental work made 

by an Ag–In–Zn–Ga–Pd alloy, traces of Ag and Zn detected in the mucosa were shown by 

Sugiyama et al. [7] to be not metal debris but insoluble Ag2S precipitate and hydrated Zn ions 

accumulated in the tissue. Similarly, oral mucosa in contact with a dental implant evidenced particulate 

metallic Ti debris and homogeneously distributed TiO2 from dissolved and oxidized Ti [53,298]; 

these studies have been reviewed [6]. 

Glass, apatite, other Ca phosphates, ceramics. Because of their ability to characterize 

amorphous solids, the X-ray absorption spectroscopy methods are of major interest for newly 

prepared bioglasses. Such studies include a bioresorbable Ti-containing glass [291] and a Ga-doped 

phosphate glass with antimicrobial activity [290] as well as several bioactive Ca phosphate 

glasses [288,289,295,296]. In addition, detailed characterization of apatite [297], other Ca 

phosphates [289,293,299] and zirconia-hydroxyapatite composites [286] was done. Among ceramics, 

ZrO2 stabilized by Y2O3 has been studied [287]. The phosphorus mineral standards for Ca 

phosphate-containing biomaterials were carefully examined [292]. 

To conclude, a variety of dental materials constituents have been and are being studied with 

EXAFS and XANES, due to their capacity to give information on the oxidation state, on local 

symmetry and its distortions, and on bonds’ length, angles, type and energy. It is noteworthy that 

these methods demonstrated their utmost power especially for biocompatible glasses, apatite and 

other Ca phosphates and ceramics, as well as for the chemistry involved in the contamination of the 

oral mucosa from metallic works and implants. One may be sure that their applications in dental 

materials’ research will continue. 
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9. The methods and their applications in dental materials research: A retrospect 

As we approach the end of this review, a “big picture” on the atomic and nuclear surface 

characterization methods is emerging from the viewpoint of applications to dental materials. The 

reviewed methods included XRF, SRXRF, PIXE, PIGE, NRA, PALS, PAA, RBS, ERDA, SIMS, 

XPS, AES, EXAFS, XANES and the corresponding microbeam versions. It is our hope that the 

present review may help the dental researcher to select the appropriate method and prepare the 

sample, and the physicist to optimize the experimental setup according to the characteristics of the 

specimen. The general picture (Table 5) presents the methods’ applications in dental materials 

research together with the depth of analyzed layer, the nature of information provided (elemental, 

depth profile, surface mapping, chemical groups and bonds, etc.) and the damage produced to the 

sample (or its absence). According to the last criterion, all methods are nondestructive and some of 

them—those which use X-rays for excitation—are almost noninvasive. XRF and µ-SRXRF are 

presented separately because the great differences between their performances based on the 

enormous intensity of synchrotron radiation as compared to any other X-ray source. This makes that 

other XRS methods as well—XPS, EXAFS, XANES—to be almost exclusively synchrotron-dependent 

today. On the other hand the experimental differences between broad beam and microbeam IBA 

methods are not so dramatic—except the sample damage, dependent on different current densities 

when the same type of beam is focused or not—and thus they are presented together. In the table 

there is only one bulk analysis method (PAA), but it is an emergent method which could provide 

bulk concentrations for comparison with the concentrations measured by surface analysis methods. 

The second emerging method, PALS, although giving no information on elemental composition and 

distribution, detects the pores and defects down to subnanometric size in the surface layer of the 

sample. Altogether, the proper use of selected methods may provide a most complete 

characterization of dental materials, from elemental composition and distribution to chemical nature 

and electronic structure of analyzed specimens. 

A special mention is worth making for the importance of high quality certified reference 

materials of similar elemental composition, physical structure and surface roughness. In fact one 

major difficulty in the analysis of thick samples of dental materials, is the lack of standard 

materials and certified information on sample’s composition [39,77]. Standards are essential 

especially for accurate elemental analysis by XRF, PIXE, PIGE, NRA [9,21–23,78,129,171,172], 

and SIMS [21,23–25,34], but also for some applications of the methods which primarily give 

chemical information. Thus mineral standards are necessary for XPS [35,40,280] as well as for EXAFS 

and XANES [28,29] in the analysis of Ca phosphate-containing biomaterials in particular [292]. 

RBS and ERDA are unique among IBA methods by the advantage of being standard free, 

absolute methods; this allows a quantitative or semiquantitative analysis of dental biomaterials even 

in the absence of reference materials. However, for current IBA applications which detect 

simultaneously PIXE, PIGE and RBS, the standardless analysis is confronted with difficulties which 

should not be underestimated [77]. 
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Table 5. Atomic and nuclear surface analysis methods and their applications in dental 

biomaterial research in a glimpse. 

Method Analytical depth. 

Type of information 

Sample 

degradation 

Main applications in dental biomaterials’ and related 

research 

XRF Thick/thin layer. 

Elemental analysis. 

Non-destructive. 

Noninvasive 

Dental alloys. Diagnosis of metal allergies related to 

metallic dental restorations. Pb in children teeth. Ti 

implant debris in oral mucosa. ZrO2 and other dental 

ceramics. Endodontic and orthodontic materials. Field 

applications of portable XRF spectrometers. Dental 

composites in forensic applications. 

µ-SRXRF Near surface, 

thick/thin layer. 

Elemental analysis. 

Surface mapping. 

Non-destructive. 

Noninvasive 

Trace analysis and mapping in tissues: debris and leaking 

from Ti implants and other dental metallic restorations in 

oral mucosa and in hard dental tissues and bone. 

PIXE and  

µ-PIXE 

Thin layer. Elemental 

analysis. Depth 

profiling. Surface 

mapping. 

Non-destructive Trace analysis of metals released by corrosion and friction 

wear from dental amalgam, metallic restorations and 

implants of Ti and stainless steel. Metal diffusion in teeth. 

In vivo measurement of Ti release with external beam 

PIXE. Corrosion resistance of bioceramics thin films on 

Ti and other metallic implants. Analysis and mapping of 

dental composites, glass ionomers, endodontic materials. 

Alterations of composites and glass ionomers during use. 

µ-PIXE-PIGE of composite-tooth interface: Ca and F 

interdiffusion zone. 

PIGE and  

µ-PIGE 

Thin and surface 

layer. Low Z element 

analysis. Depth 

profiling. Surface 

mapping. 

Non-destructive F distribution in F-releasing materials (FRM) and in teeth. 

In vivo PIGE of F in teeth with external beam. Retention 

of F from FRMs, laser-enhanced retention. F changes in 

composites during use. 

µ-PIXE-PIGE of the composite-tooth interface: Ca and F 

interdiffusion zone, deeper than the contact zone. 

NRA and  

µ-NRA 

Thin and surface 

layer. Low Z element 

analysis. Depth 

profiling. Surface 

mapping. 

Non-destructive F distribution in F-releasing materials (FRM) and in teeth. 

Distributions of C and N (from organic components). Laser 

modifications of enamel surface. Oxide and nitride surface 

layer modifications for corrosion protection of Ti 

implants. Non-uniformity of protective layers. 

PAA 

(emerging 

method) 

Elemental analysis, 

bulk. 

Non-destructive. 

Noninvasive 

Elemental analysis of dental composites and other dental 

materials. 

PALS 

(emerging 

method) 

Surface layer. Sub-

nanometer pores and 

defects. 

Non-destructive. 

Noninvasive 

Sub-nanometer pores and defects in the protective layers 

of dental implants. 

Continued on next page 
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Method Analytical depth. 

Type of information 

Sample 

degradation 

Main applications in dental biomaterials’ and related 

research 

RBS Thin and surface 

layer. Low Z element 

analysis except H. 

Depth profiling. 

Non-destructive Composition, thickness and structure of protective layers 

(Ca phosphates ceramics, HA, Si oxinitride, implanted Mg 

ions, beam sputtered Nb) on Ti implants. Low Z element 

analysis (except H). 

ERDA Thin and surface 

layer. H and low Z 

element analysis. 

Depth profiling. 

Non-destructive Composition, thickness and structure of protective layers 

(Ca phosphates ceramics, amorphous diamond-like carbon 

coatings, H depth profile in amorphous carbon layers) on 

Ti implants, H profile on steel. Laser deposited HA and 

Ca phosphate films. Analysis of medium and light 

elements including H. 

SIMS Surface nano-layer. 

Analysis of all 

elements, and of 

molecular groups and 

fragments. Depth 

profiling and 

mapping. 

Non-destructive Dfferentiation of bioceramics (HA, fluorapatite, Ca 

phospahates polymorphs/carbonate, Zn polyphosphate 

glasses). Changes of Ca silicate cements in oral use. 

Glass-ionomers and composites analysis. Adhesion of 

glass-ionomer cements to dentin. Adhesion of silanized 

ZrO2 granules to resin. Organic coatings (with proteins, 

glycans) of dental materials. Coatings of implant Ti alloys 

(Sr based coatings, phosphoric acid treatment of Ti, 

porous Ti in biological use). 

XPS* and 

AES  

(*with SR) 

Surface nano-layer. 

Analysis of all 

elements except H, 

chemical bonds, 

orbital hybridization. 

Depth profiling and 

mapping. 

Non-destructive. 

Noninvasive 

F chemistry in dental enamel. Corrosion of stainless steel, 

alloys. Protective coatings of Ti alloys by various 

methods. HA and other Ca phosphates deposition on Ti. 

Surface treated ceramics (oxides and carbonates of Ca, Sr 

and Ba; ZrO2). Glass ionomers, composites, dentin 

interactions. Adhesives. HA-reinforced chitosan, chitosan-

alginate. 

EXAFS 

and 

XANES 

(with SR) 

Thin layer. Analysis 

of all elements except 

H, chemical bonds, 

local geometry, 

electronic structure. 

Surface mapping. 

Non-destructive. 

Noninvasive 

Valence state and compound identification. Chemical 

bonding. Coordination symmetry. Hg sulfur compounds in 

aged dental amalgam. Corrosion and friction wear of Ti 

and various alloys. Ag2S precipitates in mucosa from 

dental alloy, Ti debris and TiO2 from implant. Bioglasses 

dopped with Ti and Ga. Ceramics (HA, Ca phosphates, 

ZrO2-Y2O3). Dental composites. 

In particular, portable XRF spectrometers may provide relatively reliable results for dental 

alloys but even for precise analysis of alloys reference materials are needed [51]. For the analysis of 

Ca-rich materials the handheld instruments may be used only with standards. 

In order to improve the accuracy and precision of quantitative analysis for the dental 

biomaterials with unknown composition, preparation of proper reference materials is recommended 

whenever possible. Special care is needed for the homogeneity, background correction, and for use 
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methodology validation [9,78]. In this approach, the use of complementary ion beam techniques may 

be highly useful [77,115]. 

The present trend is towards “total IBA” which combines and integrates RBS, ERDA and PIGE 

not only with PIXE and NRA, but also with EBS, STIM, tomography and MeV-SIMS. A state-of-the-art 

account of new techniques and concepts together with a detailed glossary of IBA and related 

methods is available in a review of this topic [300]. On the other hand total IBA combined with the 

vast possibilities provided by the nuclear microprobe [102,301] and with appropriate standards may 

represent a unique instrument for the study of dental materials. 

Besides µ-SRXRF, µ-PIXE, µ-PIGE and µ-NRA, other methods including RBS, ERDA, 

SIMS, XPS, EXAFS and XANES can also be performed with microbeams (not specified 

explicitly in the table). 

The present survey of the literature is by no means exhaustive (which would rise probably up to 

about one thousand titles), but it is representative. A histogram of the number of publications in the 

field of XRS and IBA applications in dental materials research and in related topics (Figure 5), based 

on 200 titles representing two thirds of the titles quoted in this review, shows that the field is in 

expansion (at first sight, for the last decade this is not obvious because the last five years are not 

complete). In the period 2005–2015 we quoted a mean number of 9–10 published articles each year. 

For the period 2015–2020 the yearly normalized expectation value in the histogram of Figure 5 

would be around 47–70 articles; the actual number would be at least twice these numbers. At the end 

of 2020 the histogram will show whether the increase continues or a plateau with a steady yearly 

publication rate will be reached. However, the data suggest that the applications in dental materials’ 

research of atomic and nuclear surface characterization methods have reached maturity and, although 

a highly specialized field, they show a high and sustainable dynamics. 

 

Figure 5. Histogram of quoted publications appeared between 1975 and 2017 in the field 

of applications of nuclear and atomic surface analysis methods to dental materials’ 

research and related subjects. The incomplete period 2015–2020 is marked by a dashed 

contour. 
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10. Conclusions 

A large diversity of thin layer and surface characterization methods based on atomic and nuclear 

interactions and their applications to a not lesser diversity of dental materials’ types has been 

reviewed. The main methods are dependent on particle accelerators as they use beams of accelerated 

protons and heavier ions—PIXE, PIGE, NRA, RBS, ERDA—or beams of X-rays, in particular 

synchrotron orbital radiation—namely XRF, XPS, EXAFS and XANES; as an exception, SIMS uses 

low energy ions as projectiles; two emerging methods (PAA and PALS) using other sources of 

exciting radiations have been also presented briefly. The list is far from complete, as other important 

and widely used methods—e.g., EPMA, XRD, FTIR and Raman spectroscopy—have not been 

included in the review. But even so, the type, number and variety of applications of the IBA, XRS 

and ES methods in dental material research are impressive. 

All the methods discussed above are nondestructive, which offers the advantage that the same 

sample may be measured several times with the same or different methods by analyzing the same or 

different area, after being subjected to the action of various factors relevant to the oral environment. 

Moreover the preparation of sample is minimal, e.g., by covering with a thin conductive layer of 

carbon or metal, which preserves the natural state of the examined material. 

The methods treated above were applied to dental alloys, Ti implants and their nanometric 

protective coatings, apatites and other Ca phosphates, ceramics, bioglasses, glass ionomer cements, 

composites and other F-releasing materials, adhesive resins, etc. The interactions of these materials 

with enamel and dentin, as well as the influences, effects and contamination produced by them in 

hard and soft oral tissues have been studied also with the characterization methods which make the 

object of our review. 

As expected, it resulted that not all methods have been applied to every type of biomaterial and 

that some techniques demonstrated excellence in particular types of applications. Each method has 

its specificity and works better for certain systems, thus an optimization of the approach depends on 

a good choice of the method. This is possible due to the large palette of characterization possibilities 

presented above, and the aim of this review was to facilitate orientation within the outlined picture. 

Obviously, no method can give information on the specimen as complete as possible at all levels. 

Sometimes more methods were applied in the study of a given material for mutual corroboration and 

support—but also for the complementarity of the information they could provide at different levels 

of elemental composition, chemistry and structure. The dental materials benefited fully of the 

multimethod approach, which is particularly suited for them, as for most of such materials there are 

not yet available proper reference materials. Therefore the problem of standards was considered 

carefully, as it provides the most accurate solution to the correction of matrix effects. The later are 

inherent especially for thick samples, which is usually the most convenient form for preparing the 

dental materials specimens. Appropriate standards are necessary especially for some restorative, 

endodontic and orthodontic materials because they are “difficult samples” (electroinsulating, 

granular, heterogeneous) from the viewpoint of the analysis methods discussed here. 

The annual rate of publications treating XRS, IBA and similar methods’ applications to dental 

materials research and related topics is positive and evidences the maturity of the field. One can 

expect that this rhythm will be maintained in the next years, in particular because the number of 

experimental facilities—small energy heavy ion accelerators with or without microbeam systems and 

electron synchrotrons—will increase throughout the whole world, including in the developing 
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continents. A second reason is that new methods continue to emerge and the existing ones, as well as 

the associated computational capabilities, are continuously developed. A third one is that all these 

methods are non-destructive and some of them are also noninvasive; together with the minimal 

preparation of sample, this provides them with a higher flexibility in applications. A fourth one is 

that some of the problems encountered with the analysis of the “difficult” dental materials are of 

basic interest for the techniques, for the experimental study of nanomaterials, and thus are motivating 

development. And last but not least is the fact that the existing dental materials—in spite of huge 

progress made in the last decades—still have many imperfections and adverse biological effects. 

Problems related to the polymerization shrinkage of composites, cracks and wear in composites and 

glass ionomer cements, defects in the protective coatings of Ti implants, implants corrosion and 

metal contamination of tissues, etc., are still awaiting their solutions. Dental biomaterials require 

improvements in their mechanical and chemical properties as well as in biocompatibility. And this 

requires further research. New dental materials with better properties will be created in the years to 

come—and in this process the atomic and nuclear surface analysis methods will bring valuable contributions. 
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