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High energy PIXE: improvement of the accuracy of K X-ray production cross
sections measurements

Q. Mouchard, with C. Koumeir®, N. Servagent and V. Métivier

SUBATECH, IMT Atlantique, Université de Nantes, CNRS/IN2P3, Nantes, France
"GIP ARRONAX, Saint-Herblain, France

Abstract — High-energy PIXE is a powerful non-destructive method of analysis for the study of ancient
paintings. In order to apply this method effectively, it is important to know the X-ray production cross section
of a given element when irradiated by a charged particle beam. Due to a lack of published experimental data,
theoretical models developed at low energies have not been validated for energies above few MeV. A campaign
of experimental measurements of X-ray production cross section was carried out for different elements. Precise
knowledge of the various experimental parameters is necessary to obtain a high accuracy in the measurements.

1 Introduction

The investigations on art objects must answer several
questions: authenticity, provenance, deterioration and
conservation [1]. For example, the study of the pig-
ments in a painting will provide information on its age
and origin [2]. Indeed, the composition of the pigments
changed over the centuries. Knowing the characteris-
tics of the pigments used, it is possible either to create
a database of an artist’s palette during its evolution,
or to have information on the authentication of an art
work by referring the artist’s existing database [3]. An
in-depth analysis will give information on the different
layers of paint to study the painting techniques, but
also on the possible deterioration and on the authen-
ticity of the artist’s usual techniques [4, 5, 6].

In order to carry out these different analyses, it is
possible to use the Particle Induced X-ray Emission
(PIXE) [1] technique with high energy beam (HE-
PIXE). This technique allows the identification and
quantification of inorganic pigments with the excep-
tion of the ones containing only light elements [6]. The
PIXE method consists in the detection of X-rays emit-
ted by ionized or excited atoms following irradiation
with an ion beam. The emitted X-rays are character-
istic of the elements constituting the analyzed object.
Thus, a quantitative multi-elemental analysis could be
performed. A High-energy beam of several tens of MeV
can penetrate very deeply inside an art object [7]. With
high energy beam, the cross section (probability) of
production of energetic X-rays (like K X-rays and L
X-rays for medium and heavy elements) is important.
These more energetic X-rays will be less attenuated in
matter. Therefore, the lower attenuation of the X-rays
and the longer path of the ions through matter makes
it possible to perform an in-depth analysis of painting
layers.

The use of the PIXE method requires on one hand a
very good characterization of the experimental param-
eters, the detector efficiency, the beam energy and its
intensity and on the other hand to have access to the
fundamental parameter related to the ion-atom inter-
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action such as the cross section of K-shell ionization.
The latter can be determined by a theoretical model
such as RECPSSR initially developed and validated in
the case of a low energy beam in the MeV range [8].
However, this model has not yet been validated with
high-energy ion beams due to the lack of experimental
data.
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Figure 1: K-shell ionization cross section of titanium.
Experimental points[10, 11, 12, 13, 14, 15| (wx
0.2148 [9]) and theoretical model RECPSSR|S]

We have started to measure the K X-ray production
cross-sections of Ti, Cu, Ag, and Au with high energy
proton beams between 30 MeV and 68 MeV have been
performed. To compare with the theoretical model,
the X-ray production cross section should be converted
to K-shell ionization cross section by using the fluo-
rescence yield wg [9]. This latter takes also into ac-
count the auger electron yields. Figure 1 shows the
K-shell ionization cross section in function of proton
energy. The points correspond to the existing experi-
mental data, and the line to RECPSSR model. This
shows that high-energy measurements are necessary to
complete the database, and to validate the theoreti-
cal model. The present document aims to explain the
method implemented to measure the K X-ray produc-



162

Nuclear Physics

tion cross section, the analysis of the X-ray spectra and
the detector efficiency.

2 Experimental set-up

The measurements of X-ray production cross sections
were carried out at the ARRONAX cyclotron [16], us-
ing a high energy proton beam between 30 MeV and 68
MeV. The experimental set-up was described in more
detail in Ref. [17]. The beam is focused in order to
have an irradiation surface of the order of 1 cm?. The
intensity was chosen around 100 pA for an irradiation
time of a few minutes. During the experiments, the
detector dead time is kept below 10% to ensure a lin-
ear response. The beam passes through a 50 pym thick
Kapton exit window, then a 20.5 cm layer of air before
reaching the target. The targets are thin foils (approx.
10 pm) oriented at 45 degrees with respect to the axis
of the beam.A Faraday-cup beam stop is positioned
at 15.0 cm from the target. This device measures the
beam current with a dedicated electronic. At the ener-
gies used, the loss of energy in the air and in the target
is negligible and the lateral straggling low enough that
the entire beam reaches the Faraday cup. Finally, an X-
ray Silicon Drift Detector (SDD) is installed normally
to the target surface at a distance of 10.3 cm (see Figure
2).

Regarding the experimental conditions (thin target),
the K X-ray production cross section can be determined
using the following equation:

Ny (K;)

UP(Ki) = NP « E(KZ)

x A (1)
. M x £ (K;)xcos (45)
. — P
With: A = NAX(l—cxp (—%(Ki)xpxd)) :
Where Nx is the number of detected X-rays, Np the
number of incident particles, £ is the X-ray detection
efficiency, and % is the attenuation coefficients.
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Figure 2: Experimental set-up for measurements of K
X-rays production cross sections

3 X-ray spectrum analysis

Several targets were used with the experimental set-
up presented above in order to measure the ionisation
cross section for different elements. Figure 3 shows an
example of an X-ray spectrum obtained with the ex-
perimental set-up for a titanium foil of (9.95 £ 0.09)

pm thickness bombarded with a 35 MeV proton beam.
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Figure 3: X-ray spectrum of a thin foil of Titanium,
bombarded by a 35 MeV proton beam

Spectrum analysis aims to identify characteristic
peaks and determine their areas. It is then necessary to
estimate the background, mainly composed of Comp-
ton scattering from gamma rays emitted in the whole
materials (beam lines, beam stop, exit window, collima-
tor ...) and Bremsstrahlung radiation from secondary
electron decelerations in matter. The estimation of the
background is based on the Statistics-sensitive Nonlin-
ear Iterative Peak-clipping algorithm (SNIP) [18, 19].
In the first step, the algorithm reduces the fluctuation
of channels with low statistics by smoothing the spec-
trum. Then the second step consists in removing the
different peaks. The result obtained is shown in Figure
3 with the thick red line.
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Figure 4: X-ray spectrum of a thin foil of Titanium,
bombarded by a 35 MeV proton beam, Zoom on peak
adjustment

Once the bottom has been estimated, it is now pos-
sible to determine the position of the peaks and to use
an adjustment function on each of them to determine
the area below the peak. In figure 4, the result of the
fitting of the different peaks is represented by colored
dotted lines.
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Finally, the last step consists in correcting the num-
ber of events obtained by the dead time of the detector.

4 Detection efficiency

A Silicon Drift Detector (SDD) from the Can-
berra/Mirion company was used in this set-up. The
manufacturer’s characteristics are presented in the Ta-
ble 1. In order to verify this information, the detector
was scanned using an X-ray tomography (Figure 5).

Figure 5: Scanner image of the detector by an X-ray
tomography

Nelson Blachman’s theoretical model [20] was used to
determine the efficiency of X-ray detection. This model
takes into account the experimental set-up (detector
and source geometry) but also the linear attenuation
coefficients extracted from XCOM [21] database.

To optimize the theoretical model, acquisitions were
made with a ®®Fe radioactive source, produced by LEA
CERCA, emitting X-rays of 5.9 keV (K, ) and 6.5 keV
(Kg). The absorption of the X-rays in the thin plas-
tic film encapsulating the sealed source was taken into
account and the intensity factor provided in reference
[22] was applied to weight the two peaks.

Be layer thickness 12.7 pm

Be - Si distance 2.15 mm
Si crystal thickness | 0.50 = 0.02 mm
Si crystal diameter | 6.20 £+ 0.01 pm

Table 1: Manufacturer’s data of X-PIPS™detector SDD
(SXD30M-150-500)

Finally, by taking into account all the previous in-
formation, we were able to carry out an optimization
of the model parameters. This optimization concerned
the detection surface and the dead layer thickness of
the detector. The result of the optimization is shown
in Figure 6. The black curve corresponds to the the-
oretical model and the two points to the experimental
measurements.

5 Discussion

The estimation of background by the model indicated
above can be perturbed by large fluctuations on low-
statistical bins. That is why the first step of SNIP algo-
rithm is to perform spectrum smoothing. This step is
critical because if the smoothing factor is not correctly
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Figure 6: Detection efficiency curve of the X-

PIPS™detector SDD, at a distance of 10.3 cm from the
radioactive source

chosen, the tail of the peaks will be modified and there-
fore leads to a loss of information. The measurement
of K X-ray production cross section must be as accu-
rate as possible, an alternative method of determining
the background is being investigated. For this purpose,
the background of the peak region of a given target
would be determined by looking at the background in
the same region but on another target whose peaks are
not in the same place.

As we can see in Figure 4, using an Gaussian func-
tion for peak adjustment is not optimal. With this fit-
ting, there is an underestimation of the peak area. The
error is relatively small due to the relatively low statis-
tic, however in order to minimize the uncertainty for
the measurement of cross section, another fit function
must be found. An Exponentially Modified Gaussian
function seems the most suitable to catch up with the
tail of the peak.

Acquisition using the X-ray tomography made it pos-
sible to verify the characteristics provided by the man-
ufacturer. Nevertheless, the measurement could not be
sufficiently accurate to reduce the uncertainties given
by the manufacturer. A new acquisition must be car-
ried out in order to determine the characteristics of the
detector with a high degree of accuracy.

The use of the ?°Fe source allowed constraining the
model in its ascending part. New acquisitions must
be made to reduce the uncertainties of the efficiency
measurement points and to better constrain the model.
The acquisition with a 199Cd source emitting X-rays of
22 keV and 25 keV will make it possible to constrain
the model in its lower part.

6 Conclusion

The objective is to measure X-ray production cross sec-
tions with a high accuracy necessary to perform quan-
titative HE-PIXE analysis. The methodology applied
for the measurement of the X-ray production cross sec-
tion was presented in this paper. Spectral analysis is
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used to identify and quantify the number of X-rays of
each characteristic peak of a given element. For this,
a method is under development to improve the estima-
tion of background and peak fitting.

The modeling of the efficiency of the detector was op-
timized in its ascending part thanks to using an X-ray
tomography and a radioactive source (*Fe). By using
another radioactive source (19°Cd), it will be possible
to optimize the modeling over the entire energy range.

The knowledge of this information allows us to im-
prove the uncertainties on our measurements of K X-
ray production cross section.
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