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Basic principles of PIXE

The irradiation of alI materials with charged particles leads to an ionisation of electronic
shells and consequently to emission ofX-rays whose energy is characteristic ofthe atomo
The technique using this phenomenon induced by protons is called PIXE. In principle,
the analysis of alI the elements may be performed but, practically, only elements with an
atomic weight greater than 20 may be quantitatively determined. Elements with an ato-
mic weight lower than 20 afe more accurately analysed by detection of y-rays produced
by excitation of the internaI structure of the atomic nuclei (PIGE) (3) or detection of char-
ged particles arising from the interaction between the incident particle and the nucleus.
The characteristic K X -rays of light elements afe indeed so highly absorbed in the
samplè that corrections cannot be made to obtain sufficient accuracy with PIXE.

Electrons 20 keV Protons 2 Me V

~m ~m

\
)

Figure 2. Comparison of X-ray spectra obtained
by irradiation of apathite with 20 ke V electrons

and 2 MeV protons.

PIXE is very similar in its principles to
X-ray analyses with an electron micro-
probe. The main differences lie in: the
trajectories of the incident particles (pro-
tons penetrate in any material by graduaI
decrease of their energy along a straight
trajectory while electrons zigzag along a
complicated path), the depths of the ana-
lysed materiallayers (5 to lO Jlm under
the surface for PIXE but only 1 Jlm with
conventional electron probes) (Figure 1),
the sensitivity (2 orders of magnitude
better for PIXE because proton brems-
strahlung is nearly absent) (Figure 2).
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Red Shard (Braive, Belgium)
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Figure 4b. PIXE spectrum
of a red shard (Braive-

10° Belgium):
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Figure 4c. PIXE spectrum
10° of clay of Braive.
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Silver Coi n (XIX Century, France)
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Figure 4e. PIXE spectrum

of a silver coin (France,

10° 1805).
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Figure 4f. PIXE spectrum
of a gold jewellery item
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Each element ionised with the incident protons gives several X-ray signals. When K
lines afe selected far the analysis we may choose two different signals Ka and Kj3 with
known intensity ratios. If L lines afe selected (for heavy elements) ODe may select La,
Lj3 or L y, depending on the eventuality of coinciding energies from various elements;
see below far Zn and Au interferences.

The analysed depth of the irradiated artefact is less than l O ~m, even for particles cros-
sing 25 to 30 ~m in the material due to the decrease ofX-ray production with decreasing
energy of the projectiles. Archaeological applications afe then restricted to non-corroded
materials or to drillings involving partial destruction of the sample. PIXE is very fast
and accurate for the non-destructive characterisation of the main components of narrow
regions on gold jewellery artefacts in a non-vacuum 'milliprobe' arrangement: gold
jewellery items afe indeed well preserved and not affected by a surface corrosion in a
depth comparable with the thickness of the analysed layer.

Experimental procedure for PIXE

Figure 5. 'l'ypical arrangement installed at LARN (Namur) for non-vacuum PIXE. The incident proton
beam crosses a thin foil of Al before reaching the target sample situated at l cm in the air. The X-rays of
the sample afe collected in the main detector. A lateral monitor collects X-rays of argon (in air) which gives

relative intensities of the incident proton beam.

Figure 5 illustrates the experimental set up for non-vacuum PIXE at LARN (Namur,
Belgium). The proton current from the accelerator is maintained at a low level (0.1 to
lO DA) in order to keep the total counting rate of X-rays compatible with the best ener-
gy resolution of the solid state Si(Li) detector (500 to 700 counts per second). The pro-
blem of different counting rates in characteristic X-far peaks of main and minor ele-
ments can be solved bere by using appropriate filters. Foils of selected materials afe used
to reduce selectively the X-rays of the main component, and therefore enhance the rela-
tive intensities of alI other useful X-far lines.
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using a linear mIe with the characteristic peak areas, (2) these results afe then used to
caIculate the stopping power, and the X-ray absorption in this new materiaI, (3) this pro-
cedure is repeated until a new step gives a modification lower than the statistical accu-
racy and (5) finaIly the secondary fluorescence is calculated. Even with a reference mate-
riai containing elements whose concentrations may vary from a factor 3 compared with
those in the sample, the complete procedure of calculation on the X-ray spectra finally
gives concentrations with an accuracy of 5 % or better. A control has been made using
PIGE. In this latter case, y-rays produced in the 20-30 first microns under the irradiated
surface afe not absorbed in the material itself because of their high energy (100 ke V and
more). As cross-sections for y-ray emissions on medium and heavy elements afe around
3 orders ofmagnitude lower than X-ray ones, this procedure takes a long time and is only
used as an ascertaining procedure in limited cases.

Nuclear reactions leading to the emission of charged particles may also be used for the
quantitative determination of light elements. Characteristic protons spectra induced by
deuteron irradiation allow depth profile analysis of Si, S, Al... in matrices containing
heavy elements (3).

AlI the calculations in PIXE experiments afe based on the hypothesis that the material is
homogeneous in alI the depth of the analysed material (5-10 ~m). Nevertheless, hete-
rogeneity in those thicknesses may be identified by comparing the relative intensities of
alI the characteristic X-ray lines of each elemento Elements concentrated at the surface
(or under a surface layer) show Ka/Kf3 and La/Lf3 intensity ratios greater (or lower) than
those calculated by the basic programme (lO).

Basic princlples of RBS

Rutherford backscattering spectroscopy is based on the elastic collision of an incident
charged projectile with the nucleus of an atomo In this elastic process the incident and
the collided nucleus remain in their fundamental energy level after the interaction: the
whole kinetic energy is then conserved. Equations of conservation lead to a single rela-
tion between the energy of the backscattered particle (emitted angle close to 180°) and
the incident energy:

2
( M-m = Eo M + rr

Esc

where m and M afe the masses of the projectile and of the nucleus respectively (in this
procedure m < M). One observes that Esc is proportional to Eo and is closer to Eo when
m is very light by comparison with M. If this parameter is to be chosen to distinguish
scattered particles of mass m from various nuclei of mass M, m must be the highest as
possible but a1ways smaller than M.

(lO) Demortier, G., 'Differential PIXE analysis of Mesoamerican jewellery items', proceedings ofthe IBA-
12 lnternational Conference, (Phoenix, Arizona, 1995), accepted far publication in Nucl. Inst7: and
Methods.

132



Practically, far both acceleration and detection purposes, the incident particle is of a pro-
ton (mass 1) or an alpha particle (mass 4). We then give in Figures 7 (a and b) the scat-
tered energies of protons and a-particles on various nuclei. In this figures we bave also
taken into account that the probability of elastic scattering is proportional to the square
of the atomic number of the target. This true proportionality to Z2 is expected far high
Z values but large variations would arise far low Z nuclei (for example carbon and oxy-
gen). Note the logarithmic scale in the ordinates.

Figure 7 a. Calculated energies Esc of backscattered protons (Ei = 2.5 Me V) on various masses.
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Figure 7b. Calculated energies Esc of backscattered a-particles (Ei = 2.5 Me V) on various masses.
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The relative intensities of scattered particles on Au and O afe then in a ratio of 97.5. RBS
is then 2 orders of magnitude more sensitive for gold than for oxygen. Comparing Figure
6a with 6b, one clearly observes that the mass separation is better for a-particles than for
protons but this separation becomes often insufficient to distinguish neighbouring ele-
ments like Cu and Zn, and even Ag and Au.

The study of materials using RBS is not straightforward for bulk material, due to the
decrease in energy of the incident projectiles when they penetrate in the material. The
measured energy of a particle scattered in a layer below the surface is not given by the
simple formula due to the energy loss of the projectile when penetrating the material and
the energy loss of the scattered particle before going out of the target in the backscattered
straight trajectory. Typical RBS spectra of a-particles on gold, silver and bronze homo-
geneous alloys afe given in figures 8b, 9b and 10b; ODe observes that the safe identifi-
cation of ODe element is only easy for the heaviest of them.
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Figure 8a. Typical spectrum of backscattered protons (Ei = 2.5 Me V) on a homogeneous gold-silver-cop-
per alloy (Au 75 %; Ag 12.5 %; Cu 12.5 %).
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Figure 8b. 1'ypical spectrum of backscattered a-particles (Ei = 2.5 Me V) on a homogeneous gold-silver-
copper alloy (Au 75 %; Ag 12.5 %; Cu 12.5 %). A indicates the Esc on Au at surface, B and C for Ag and
Cu at surface. In the region D, signals of alI the elements (present in the bulk) afe superposed.
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Figure 9a. Typical spectrum of backscattered protons (Ej = 2.5 Me V) on a homogeneous silver-copper
alloy (Ag 90 %; Cu lO %).
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Figure 9b. Typical spectrum of backscattered a-particles (Ei = 2.5 Me V) on a homogeneous silver-cop-
per alloy (Ag 90 %; Cu lO %).

As the energy 10ss of a-particles in materials is higher than that of protons, the total ana-
lysed depth with a is much 10wer than with protons but the profile at the surface is more
easy to determine by a-particles than by protons as it can be seen by comparing parts a
and b of Figures 7, 8 and 9. The choice of a or protons and the choice of the typical inci-
dent energy is then very dependent on the layer we intend to study.

RBS is very simple in use for the study of thin layers of heavy elements on bulk matrix
containing light or medium elements but RBS becomes very complicated for materials
containing elements with neighbourlng atomic masses and is of no use for light elements
in heavy matrices (lI).

(lI) Ruvalcaba-Sil, J. L, Demortier, G., Misaledis, P. ed., Application of particle and laser bearns in mate-
rials technology (1995), pp. 463-470, Kiuwer Academic Pubi., and J. L. Ruvalcaba-Sil, G. Demortier,
Ecaart Conference, Zurich 1995 (to be published).
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RBS is then of very limited application for archaeological purposes but is idea1ly used
as a complementary method of PIXE as it will be discussed in the study of gold plating
or gold depletion gilding in the chapter on meta1lic samples (i2),
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Figure 1 Da. Typical spectrum of backscattered protons (Ei = 2.5 Me V) on a bronze artefact (Cu 78 %; Sn

18 %; Pb 4 %).
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Figure lObo 1'ypical spectrum ofbackscattered a-particles (Ei = 2.5 MeV) on a bronze artefact (Cu 78 %;
Sn 18 %; Pb 4 %).

(12) Demortier, G., 'mA applications to ancient metallic items' in Applications 01 ion beam analysis tech-
niques to arts and archaeometry (M. A. Respaldiza and J. G6mez-Camacho, eds.). Secretariado de
Publicaciones Universidad de Sevilla, Seville, 1996, pp. 91-114.
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