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Abstract In this work, we compare the matrix effects for
two different X-ray fluorescence spectrometers, a portable
and a stationary one, in order to evaluate their performances
in terms of scattering radiation for different matrices. Five
reference materials were analyzed: orchard leaves (NBS-
1571), clay (ISE-954), bone ash (NIST-1400), 70% copper
alloy (BCR-691) and 22 ct gold alloy (Fisher).
The results obtained showed similar behavior for both

spectrometers. The lowest background was obtained for the
light matrix and an increase was observed for intermediate
atomic number matrices, reaching a maximum for copper
and gold alloys.
In spite of that the lowest background had been obtained

for the light matrix, the portable system presents a tremen-
dously high background when compared to the stationary
one. For this matrix, some of the trace elements were almost
not detected by the portable spectrometer, which makes dif-
ficult their characterization with this system. For medium
Z matrices there is an increase on the Compton peak and a
decrease on the Rayleigh one, reaching a similar intensity.
Finally, for heavy matrices, the Compton peak almost dis-
appears and the Rayleigh effect takes the lead. Three case
studies were also performed in order to appraise the behav-
ior of the spectrometers: a paper document from the XVIII
century, a sample of archaeological bone from the Middle
Ages and a Portuguese coin from the XIX century.
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1 Introduction

Scientific studies of art works are common practice in many
museums and institutions dedicated to study and protect cul-
tural heritage. Applied physics and chemistry provide the
scientific data necessary to characterize and understand the
environment in which the art work was created. Multidisci-
plinary teams are formed where restorers, curators and sci-
entists merge their knowledge together in order to obtain
better and more accurate results [1–5].
The major requirement for an analytical technique em-

ployed in the study of objects of important historical value
is the ability to perform non-destructive analysis.
In field of Cultural Heritage, numerous objects cannot be

moved from the original location due to their weight and
dimensions or to their value. The requirement of analyz-
ing such objects gave rise to the development of portable
energy dispersive X-ray fluorescence spectrometers (PXRF)
that allow in situ analysis, which are of common use nowa-
days [6–12]. However, the sensitivity of these portable spec-
trometers, for some kinds of samples, is limited by the high
Bremsstrahlung radiation emitted by the X-ray tube. The
intensity and energy distribution of this scattered radiation
very much depends on the atomic number of the matrix.
Regardless of the matrix composition, strong reduction of
the scattered radiation can be obtained making use of po-
larized radiation and monochromatic radiation, but in these
situations, the spectrometers are not portable in most of the
cases. The use of polarized X-rays to improve the detec-
tion limits have already been very well studied [13–18]. In
these works, much attention has been paid to comparison of
different excitation methods and geometrical improvements
in order to achieve scattered radiation reduction. The maxi-
mum improvements in the signal to background ratios were
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obtained for triaxial geometry spectrometers. In other stud-
ies [18, 19] Rao et al. obtained coherent and incoherent cross
sections for a few pure elements, ranging from Al to Pb. No
results have been obtained for trace element detection in dif-
ferent sample compositions.
In a recent review publication Margaret West et al. give

an overview on most X-ray fluorescence spectrometry [20].
Concerning PXRF systems they refer to the most innovative
applications and developments in instrumentation.
Aceto et al. [21] used a Mo anode to study with success

the ink composition of an ancient manuscript from 4th A.D.
A remote controlled PXRF system equipped with Rh and
W anodes [22] was used to identify the elemental composi-
tion of pigments in wall paintings. Cesareo et al. [23] used
a PXRF with a silver tube to identify gilded copper objects
from Peru. Zarkadas and Karydas [24] used a PXRF with
a gold anode to identify metallic objects. Ferreti [25] pro-
posed some solutions in cases that spurious lines originated
from the X-ray spectrometer or collimators come out, which
could interfere or misrepresent the elements present in the
sample. Craig et al. [26] presented a comparison between
laboratory XRF and PXRF for the analysis of obsidians from
Peru.
The sample matrix is the main responsible for the dif-

fusion effects, and the total amount of scattered radiation
by Compton and Rayleigh effects is strongly dependent on
the matrix composition, even under the best geometrical im-
provements.
For light matrices, the predominant effect is Compton

scattering, while for heavy matrices the Rayleigh effect
takes the lead [27].
If the sample is excited with an unpolarized source, then

the differential cross section for Compton scattering in the
non-relativistic limit, the total incoherent (Compton) colli-
sion cross section per atom is a function of Z.
Rayleigh scattering is a process originating in bound

atomic electrons. The differential cross section for unpolar-
ized photons is a function of |F(x,Z)|2.
In the forward direction |F(x,Z)| = Z2, hence Rayleigh

scattering must become appreciable for high-Z materials.
The aim of this work is to evaluate the effect of the scat-

tered radiation in the analytical process for several types of
matrices (different Z) currently studied in art works. Fur-
thermore, we intend to preview the analytical capabilities of
two common spectrometers, with and without secondary tar-
get, in terms of detection limits for different types of matri-
ces. From these results, we can assess the limitations of the
portable equipment when compared with stationary ones for
a large number of sample matrix compositions.
Five reference materials were analyzed: orchard leaves

(NBS-1571), of which major composition is C, H and O, on
a total of 90%; clay material (ISE-954), of which compo-
sition is mainly Al (11%), Fe (5%), C (2.5%), Ca, K, Mg

(2–2.5% each). Bone ash (NIST-1400), of which composi-
tion is mainly Ca (38%) and P (18%); copper alloy (BCR-
691) (Cu 70%) and gold alloy 22 ct (Fisher). These standard
materials were chosen considering that they represent light
matrices (orchard leaves); intermediate matrices (bone ash
and clay) and heavy matrices (copper and gold alloy).
Furthermore, these kinds of matrices are common in most

art works: paper documents, human remains (bones and
teeth), ceramics, jewellery and metallic artefacts.
Three case studies were also performed in order to assess

the behavior of the spectrometers in the most representative
matrices on art works: a paper document from XVIII cen-
tury, a sample of archaeological bone from the Middle Ages
and a Portuguese coin from the XIX century mechanically
coined [28].

2 Experimental

2.1 Stationary spectrometer

The stationary spectrometer used in this work for XRF
analysis in the laboratory consists on a commercial X-ray
tube (Philips, PW 1140; 100 kV, 80 mA), equipped with a
molybdenum (Mo) changeable secondary target. With this
system it is possible to obtain a nearly monochromatic
source, with Kα and Kβ lines of Mo, energies 17.44 and
19.60 keV respectively.
The X-ray tube, the secondary target and the sample are

in a triaxial geometry [29]. With this arrangement, we de-
crease the background, taking advantage of the effect of the
polarization of the incident X-ray beam from the tube and
the nearly monochromatic radiation. Both the X-ray beam
emitted by the secondary target and by the sample are col-
limated throughout two silver apertures, in order to reduce
the scattered radiation and improve the detection limits. The
distance between the sample and the detector is 27 mm. The
incident X-ray spot has an elliptic form, with a horizontal
axis of approximately 20 mm and a vertical axis of approxi-
mately 15 mm.
The characteristic radiation emitted by the elements

present in the sample is detected by a Si(Li) detector, with
a 30 mm2 active area and 8 μm beryllium window. The
energy resolution is 138 eV at 5.9 keV and the acquisi-
tion system is a Nucleus PCA card. The pulse processing
and dead time corrections are automatically adjusted by a
commercial pulse processor (Oxford). The operating condi-
tions of this system for all analyzed spectra were 50 kV and
20 mA.

2.2 Portable spectrometer

The spectrometer used consists on an Eclipse III Amptek
X-Ray tube (30 kV, 100 μA,) with a silver anode. The ra-
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diation is highly collimated by a tantalum collimator allow-
ing a 5 mm diameter beam on the sample, placed at 7 mm
distance from the tube and the detector. The detector is an
Amptek XR-100CR Si(Li) with a 7 mm2 detection area and
300 μm thick, and a 12.5 μm Be window [30]. The system is
equipped with two laser points to identify the local point of
analysis. The energy resolution is 190 eV at 5.9 keV and the
acquisition system is Amptek PMCA. The operating condi-
tions of this system for all analyzed spectra were 30 kV and
100 μA. The angle between the incident and emitted beam is
90°. This geometry allows for a minor background reduction
due to Compton scattering. Samples were analyzed directly
on air at room temperature. This spectrometer is prepared to
work under helium flux, to allow for better detection con-
ditions for low elements. Due to the difficulty to transport
the helium system into museums or situations of difficult
access, normally the measurements outside laboratory are
carried out on air; hence the measurements undertaken in
this work tried to reproduce the worse situations of analy-
sis.
All spectra analyses were performed using the AXIL-

QXAS (Analysis of X-ray spectra by iterative least-squares
fitting) software package by the International Atomic En-
ergy Agency [31].

2.3 Sample preparation

Samples of the reference material were obtained in the form
of powder, except for copper and gold alloys. For analysis
the powdered samples were pressed into pellets 2.0 cm in di-
ameter, of 1 mm thickness, without any chemical treatment.
Each sample was pressed under 10 ton for 1 min and glued
on a carbon scotch on a sample holder and placed directly on
the X-ray beam, for elemental determination. A minimum of
three pellets for each sample was used. The copper metallic
alloys were discs (about 2 mm thick and 35 mm in diameter)
and the gold samples were squares of 100 mm2 and approx-
imately 1 mm thick. These standard materials were glued
directly on carbon scotch on the sample holder.

2.4 Detection limits

The detection limits (DL), were determined according to

DL = 3Ci

√
Nb

Np
Ci , where Ci is the concentration of the ele-

ment i; Nb is the counting rate for the background and Np

is the counting rate for the corresponding peak.

2.5 Results and discussion

The detection limits obtained for the analyzed standard ref-
erence materials are presented in Table 1 for both spectrom-

Table 1 Detection Limits
(μg g−1) for standard reference
materials: orchard leaves
(NBS-1571), bone ash
(NIST-1400), clay (ISE-954),
copper alloy (BCR-691) and
gold alloy 22 ct (Fischer)
obtained by two spectrometers,
a stationary one with secondary
target and a portable one

*Not detected

Portable Stationary

Orchard Clay Bone Copper Gold Orchard Clay Bone Copper Gold

leaves ash alloy alloy leaves ash alloy alloy

P 1014 *

Si 5950 *

K 287 900 84 60 225 47

Ca 212 250 154 35 98 74

Ti 116 41

Cr * 21

Mn 14 34 3 12

Fe 13 64 17 2 10 5

Ni * * 1 6

Cu 2 7 300 1 3 67

Zn 6 19 23 515 1 3 3 60

As * * 100 1 3 40

Se * 1

Br * 1

Rb * 25 1 1

Sr * 31 20 1 1 1

Ag 2500 4466

Sn 5100 1635

Ba * 66

Au 1600 86

Pb * * * 2010 1 5 2 54
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Fig. 1 Spectra of orchard
leaves (NBS-1571) obtained by
two spectrometers, a stationary
one with secondary target and a
portable one

Fig. 2 Spectra of clay sample
(ISE-954) obtained by two
spectrometers, a stationary one
with secondary target and a
portable one

eters. The dominant feature in these results is the strong de-
pendence on the matrix material. For light matrices, repre-
sented here by orchard leaves, of which the matrix is 90%
constituted by C, H and O, most of the trace elements are
only detected by the stationary spectrometer. This is better
emphasized in Fig. 1 where the spectra obtained by the two
equipments are overlapped. It is remarkable that we see the
effect of the nearly monochromatic radiation, especially in
the region 4–13 keV, where the peak height to background
ratio is improved by a factor of the order of 10. This allows
us to detected elements like As, Br, Sr and Pb, which are
normally extremely important in characterizing not only art

works, but also biological samples for trace elements deter-
mination in medical applications. For these spectra it is clear
that the intensity of Compton peaks for Kα and Kβ are pre-
dominant over the Rayleigh ones.
For medium Z materials like bone ash (NIST-1400), of

which composition is mainly Ca (38%) and P (18%) and
clay material (ISE-954), of which composition is mainly
Al (11%), Fe (5%), C (2.5%), Ca, K, Mg (2–2.5% each),
most of the elements are detected by both equipments, ex-
cept for those in concentrations lower than 30 μg g−1 (Ta-
ble 1). In Figs. 2 and 3 a comparison of the spectra is plot-
ted, which clearly illustrates the results. An improvement in
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Fig. 3 Spectra of bone ash
(NIST-1400) obtained by two
spectrometers, a stationary one
with secondary target and a
portable one

Fig. 4 Spectra of Cu alloy
(BCR-691) obtained by two
spectrometers, a stationary one
with secondary target and a
portable one

signal to background ratios is visible especially in Fig. 2 for
the portable equipment. This supports the dependence of the
background with the matrix main composition, which for
clay is Fe and for bone ash is Ca. In addition, in the spec-
tra obtained with the stationary spectrometer the intensity of
Compton scattered radiation peaks is identical to Rayleigh
peaks, evidencing for this spectrometer the dependence on
Z of the material to scattered radiation.
Finally, heavy matrices, copper alloy (BCR-691) (Cu

70%) and gold alloy 22 ct (Fisher), present detection lim-
its ranging from 50 μg g−1 to 0.5%, as can be observed in
Table 1. Nevertheless, these are good results taking into ac-

count that these kinds of matrices contain elements that can
reach more than 50%. In Figs. 4 and 5 a comparison of
the two overlapped spectra is displayed. It must be empha-
sized that all elements are detected with both spectrometers.
Furthermore, in these, the strong reduction on the Compton
scattering peaks when compared to the Rayleigh peaks is
impressive, confirming that under the same ionization con-
ditions the incoherent scattering is predominant for low Z

elements, while for high Z materials the predominant effect
is the coherent interaction. These conclusions are similar to
the ones obtained by Craig for analysis of 68 obsidian from
Peru [26] with a portable XRF similar to the one used in this
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Table 2 Characteristics and
other significant experimental
parameters for the portable and
stationary XRF equipments

Portable Stationary

X-ray generator Amptek-Eclipse III Philips PW 1140, 100 kV, 80 mA

X-ray tube Ag W

Secondary target – Mo

Detector Amptek XR-100CR; 7 mm2 Si(Li)—Oxford; 30 mm2

Resolution at 5.9 keV 190 (eV) 138 (eV)

Collimator Ag Ta

Cooling Water Air

Spot Diameter (5 mm) Elliptic form (20 mm × 15 mm)

Distance sample-detector 5 mm 27 mm

Working conditions

H.V. (kV) 30 50

Intensity 100 μA 20 mA

Fig. 5 Spectra of gold 22 ct
(Fisher) obtained by two
spectrometers, a stationary one
with secondary target and a
portable one

work and a stationary spectrometer with a Cu X-ray target.
The results obtained by both spectrometers arrived at identi-
cal conclusions and allowed one to identify the origin of the
obsidian, in spite of the fact that some elements could not be
detected by the PXRF spectrometer.
In Table 2 we summarize the X-ray tube features, the de-

tector characteristics and the experimental conditions used
in the present work.

3 Case studies

3.1 Document paper of XVIII century

The reduction of scattering in an X-ray fluorescence spec-
trum and the outcome on a document paper identification

was performed. The obtained results are displayed in Fig. 6.
It is noticeable that Ni, As, Rb and Sr are not detected with
the portable system, while Mn, Cu, Zn and Br are hardly
detected, which originates in the low accuracy for quantita-
tive calculation. These results are important to identify and
characterize documents [32]. This is an example where the
superiority of the stationary equipment is remarkable.

3.2 Human bone from the Middle Ages

The results obtained for this sample are presented in Fig. 7.
Most of the trace elements have been detected. However,
as concerns Pb, it is hardly visible with the portable equip-
ment, making quantitative calculations almost impossible.
This element can be extremely important in identification
procedure, mostly if contamination by Pb ante mortem
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Fig. 6 Spectra of a paper
document from XVIII century,
obtained by two spectrometers,
a stationary one with secondary
target and a portable one

Fig. 7 Spectra of a femur bone
sample from the Middle Ages,
obtained by two spectrometers,
a stationary with secondary
target and a portable one

or post mortem is under study. This is another example
where the advantage of the stationary equipment is signif-
icant.

3.3 Portuguese coin from the XIX century

Metallic artefacts are one of the most important fields of
X-ray spectrometry applications. A Portuguese coin was an-
alyzed by both spectrometers and it was possible to identify
and characterize all the present elements: Fe, Cu, Zn, Sn
and Pb. This coin is a copper alloy made of brass a Cu–
Zn alloy with Fe, As, Sn and Pb. In Fig. 8 the obtained

spectra are overlapped, and the background is similar for
both spectrometers, allowing for identification of all the el-
ements.

4 Conclusions

We have measured the most common used matrix samples
with a portable spectrometer with direct and unfiltered radia-
tion and a stationary one with a secondary target and triaxial
geometry.
From our results it has been confirmed experimentally

that there is influence of the matrix composition on the back-



504 S. Pessanha et al.

Fig. 8 Spectra of a Portuguese
coin of XIX century, obtained
by two spectrometers, a
stationary one with secondary
target and a portable one

ground radiation due to Compton and Raleigh scattering ef-
fects. Furthermore, also was confirmed the big advantage of
the background reduction by the secondary target in the sta-
tionary equipment. Light matrices are the most critical. We
demonstrated that the high background makes difficult the
characterization of biological samples or paper documents
by portable systems.
Concerning samples of medium Z atomic number like

bone and soils, the portable spectrometer can identify prac-
tically all the elements present in the sample and both spec-
trometers can reach equivalent conclusions.
Finally, metallic samples are the less affected by the

portable system and both spectrometers can lead to similar
conclusions.
Considering these aspects, the portable equipment is use-

ful when in situ analysis is required and the results obtained
by this system should be perceived as a starting point or as
a complement to other studies whenever trace elements are
critical to identify some kinds of samples.
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