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X-ray fluorescence analysis (XRF) is a powerful tool for nondestructive analysis of chemical elements
present in art and archeological material. Nevertheless, investigations of objects possessing a glassy matrix
still offer some problems using XRF because of the absorption in air of the low-energy characteristic
fluorescence radiation of light elements. With the design of a XRF instrument equipped with a vacuum
chamber housing both, the x-ray optics and the detector snout inside, a new attempt to solve this problem
was made. The Conservation Science Department of the Kunsthistorisches Museum Vienna (KHM) had
the opportunity to test this instrument on different objects of art. An overview of some results from these
measurements, together with a short discussion of the experiences gained during the investigations, is
presented in this article. Copyright © 2008 John Wiley & Sons, Ltd.

INTRODUCTION

At the laboratories of the International Atomic Energy
Agency (IAEA) in Seibersdorf, Austria, a portable (u-) x-ray
fluorescence (XRF) instrument was built for the use in the
field of analysis of art and archeological material. Several
instruments like this have been built in the past years,' 3! all
showing problems in the detection of low-Z elements down
to sodium. This is the case, because the lower the energy of
the x-rays, the more absorption takes place in air. This is true
for both pathways, the excitation radiation from the x-ray
tube as well as for the characteristic radiation emitted from
the sample. Some attempts to solve this problem have been
made by using a helium flush in the radiation pathways.!:3
Thus, results could be improved, but still there is potential
for further improvement.

EXPERIMENTAL

To break new ground for the detection of low-Z elements
down to sodium, the original portable XRF instrument
constructed at the IJAEA was redesigned with a vacuum
chamber, constructed in cooperation with the Atomic
Institute (ATI) of the Austrian Universities®®~* (Fig. 1). In
contrast to other instruments of this kind, the compact
vacuum chamber can be evacuated to the 0.1 mbar level, and
is designed to house the x-ray beam optics and the detector
snout. Through a Kapton®**3” window of 7.5 um thickness,

*Correspondence to: K. Uhlir, Conservation Science Department,
Kunsthistorisches Museum, Burgring 5, A-1010 Vienna, Austria.
E-mail: katharina.uhlir@khm.at

Copyright © 2008 John Wiley & Sons, Ltd.

the primary x-ray beam of the spectrometer can be focused on
the investigated spot at about 1-2 mm distance outside of the
chamber (Fig. 2). This minimizes the absorption losses of the
excitation and x-ray fluorescence radiation. Two laser beams
are used for positioning the chamber of the spectrometer vs
an object under study (Fig. 3). A 50-W low-power palladium
(Pd) anode x-ray tube operating up to 50 kV and 1 mA with
a point focus of 400 um is used as the excitation source. In
particular the Pd L-line series with an energy around 3 keV,
which is transmitted effectively through the 75-um-thin Be
window of the tube, is perfectly suited to excite the interesting
light elements from Na to CI. A polycapillary lens producing
a spot size of about 40 um, or a collimator with 1 mm
inner diameter, can be used alternatively for focusing or
collimation of the primary beam. The fluorescence radiation
is collected by a silicon (Si) drift detector with an active area
of 10 mm?, and an 8 um beryllium (Be) entrance window.

To proof the quality of the detection of the sodium signal,
a pellet of NaCl was measured. The spectrum obtained for
a measurement of 60 s is shown in Fig. 4, where sodium is
clearly detectable.

For the determination of the detection limits (DL)
obtained with the vacuum chamber equipped XRF instru-
ment, a trace element reference material of the IAEA, called
‘Soil 7/, was analyzed. The elements that could be verified,
using the measurement conditions of 1mA, 50kV, and a
measuring time of 1500 s, as well as the calculated detection
limits are listed in Table 1. For the calculation of the DLs, the
following formula was used:
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Figure 1. The vacuum chamber equipped (u«-) XRF instrument
in use; positioned in front of an art object. Photo Credit:
D.Calma/IAEA.

Nj ... background signal
Ny ... netto signal
m ... mass of element in the sample

Although very good detection limits, especially for the
light elements Al, Si and P, could be obtained, a visible
bending of the chamber Kapton® window (into the vacuum
chamber) occurred during the measurements, leading to
an enlargement of the air path of the excitation and
x-ray fluorescence radiation. Therefore, a time-dependent
decrease of the fluorescence signal of the light elements was
observed. After a closer investigation of this phenomenon
by performing successive measurements until the intensities
measured were constant in time, the problem was solved by
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Figure 2. Geometric arrangement inside the vacuum chamber:
the angle between tube and detector is 45°, the distance
between detector and sample is 25 mm, the distance of the
polycapillary to the sample is 15 mm. The sample is located at
a distance of 1-2 mm from the Kapton® window.

Figure 3. The vacuum chamber of the (u-) XRF instrument. The
Kapton® window is located 1-2 mm from the investigated
object. Photo Credit: D.Calma/IAEA.

conditioning a new mounted Kapton® window for 3 h under
vacuum.

Investigating a bronze statue of a horse (modern casting
of the company Venturi Arte s.r.l., Fonderia artistica,
Cadriano di Granarolo E. (BO) Italia) a clear improvement
in the peak intensity of the L-lines of Sn could be observed
when using the evacuated instrument. Both spectra (with
and without vacuum) are shown in Fig. 5. The improvement

Table 1. Detection limits calculated using the reference material ‘Soil 7°

Given value “Soil 7/ DL1500 Given value “Soil 7* DL1500
Element (mg/kg) (ppm) Element (mg/kg) (ppm)
Al 47000 623 \% 66 28
Si 180000 352 Cr 60 30
P 460 179 Mn 631 19
K 12100 107 Fe 25700 16
Ca 163 000 64 Zn 104 13
Ti 3000 26 Sr 108 37

Copyright © 2008 John Wiley & Sons, Ltd.
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of the line intensity using vacuum is 50%. Considering the
elements Na and Cl, the improvement is even higher because
of the excitation with the Pd L-lines, which show a high
intensity in the excitation pathway in vacuum. Investigating
pure aluminum the intensity could even be multiplied 50

times.
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Figure 4. Spectrum of a NaCl-pellet (counts/min).
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Owing to a ‘Memorandum of Understanding’ the Kunst-
historisches Museum Vienna (KHM) has the possibility to
use the vacuum chamber-equipped instrument and was,
therefore, able to test its applicability for the analysis of a
variety of objects of art like Benin bronzes, ancient Egyptian
objects, old master paintings, and paper objects and to
perform preliminary studies for the analysis of the 15th
to 17th-century enameled objects and glass items. A variety
of these investigations will be presented in this paper.

The knowledge of the composition of the investigated
objects is necessary either for their restoration and conser-
vation or for art historical attributions. For the Conservation
Science Department of the KHM objects consisting of metal
as well as of a glassy matrix were excellent examples to
apply the full capacity provided by the IAEA XRF instru-
ment. The vacuum chamber is a big advantage, for example,
for the identification of pigments containing some or exclu-
sively light elements. Examples for this are ultramarine
(Nag'”10A168i602482m4) or Egyptian blue (CaCUSi4010). Also
glassy inlays, enamels, and glass objects contain light ele-
ments (Na, Mg, Al, Si, P, S, Cl). The detection of these
elements is essential for the identification of the glass type
and a requirement for performing quantitative analyses.

The vacuum chamber equipped (u-) XRF instrument
showed good applicability for the use at the KHM,
nevertheless, some proposals for improvement could be
made, which will also be discussed at the end of this article.
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Figure 5. Spectrum of a bronze horse (modern casting of the company Venturi) with and without vacuum.

Table 2. Analyzed pigments on the Egyptian Stele, Inv. No. AS 5073

Investigated color

Detected elements

Identified pigment

Blue Si, Ca, Cu
Dark green Cu
Light green Cu
Red Fe
Orange Fe, As

Red and blue above filling
(left border in Fig. 3)

Ground layer Ca
Yellow Fe

Composition varies strongly from

Egyptian blue (CaO x CuO x 4SiO)
Malachite (CuCO;5; x Cu(OH),)
Malachite (CuCO;5; x Cu(OH),)

Red ochre (Fe;03)
Red ochre (Fe;O3) with orpiment or realgar
Later addition

the other areas of these colors

Chalk (CaCO3)
Yellow ochre (Fe;O3..n H,O)

Copyright © 2008 John Wiley & Sons, Ltd.
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RESULTS

Analysis of objects from the Egyptian and the
Near-Eastern collection

Egyptian stele (KHM, Inv. No. AS 5073)

The Egyptian Stele shown in Fig. 6 can be dated to the
26th dynasty (~640 B.C.), Thebes, and is made of painted
wood with a white ground layer. For restoration purposes,
the pigments used for its design were investigated. The
analyzed colors, the detected elements, and the identified
pigments are listed in Table 2.

In this object, no complex mixing of pigments occurs
and the identification had been done quite easily. Indeed,
all pigments in the investigated areas were identified.
The green areas contained malachite, the red areas red
ochre and sometimes orpiment or realgar (As,S; or As,S,,
respectively—realgar shows a more orange color but is not
distinguishable from orpiment with energy-dispersive XRF).
The yellow area is made of yellow ochre, and the ground
contains chalk. The pigments in the filling are completely
different from the look-alike colors in the residual object,
supporting the assumption that this was done later on.

The new XRF instrument was especially helpful in
the analysis of Egyptian blue (Fig.7), where high silicon
intensities could be observed compared to conventionally
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Figure 6. Egyptian stele (KHM, Inv. No. AS 5073), 26th
dynasty, Thebes.

Copyright © 2008 John Wiley & Sons, Ltd.
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Figure 7. Spectrum of Egyptian blue.

designed portable XRF instruments. The observed impurities
are partly of environmental origin.

Egyptian stucco objects (KHM, Inv. Nos. AS 8513, AS
8515, and AS 6154)

Several stucco objects from the Egyptian and the Near-
Eastern collection have been analyzed concerning the
pigments used for their decoration as well as for the
identification and classification of accompanying materials,
especially glass. Three examples can be given: the stucco
mask AS 8513 (Fig. 8) from a mummy of a woman, dated
to the middle of the 1st century A.D., shows a broad palette
of colors: for the background orpiment or probably realgar
could be identified. The blue background of the inscription
field is made of Egyptian blue, and the red boarder line of
this field is made of red lead. These were all very common
pigments at that time.

Two other stucco masks Inv. No. AS 8515, from a mummy
of a man with a beard, dated to the 2nd quarter of the
2nd century A.D., and Inv. No. AS 6154, a fragment of a
face, dated between 117 and 138 A.D.*® have inlayed glass
for the decoration of the eyes. In both cases, the iris of
the eyes has been analyzed to investigate their manner of
coloring. The spectrum obtained from the iris of the ‘man

Figure 8. Stucco mask, KHM, Inv. No. AS 8513, from a
mummy of a woman, dated to the middle of the 1st century
A.D. Two different views are shown.
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with beard” is shown in Fig. 9 (black line). As can be seen,
the main components like silicon, calcium, and potassium
can be detected very easily. Also seen are components
appearing in much smaller amounts in glassy matrices like
aluminum, phosphorus, and sulphur,®#° which are not or
only barely detectable with XRF instruments operating in
air. For the dark coloring of the iris, the elements manganese
and iron are responsible. By contrast, the glass of the iris
of the fragment of the face (Inv. No. AS 6154) shows no
coloring additives (Fig. 9). The dark color is due to painting
underneath the colorless transparent glass. A sparse but,
nevertheless, detectable sodium peak can be identified,
indicating a soda-lime glass, very common in the 2nd century
A.D. Additionally, lead traces could be identified.

Analysis of an Oriental saddle of the Collection of
Arms and Armor

The Oriental saddle of the KHM, Inv. No. C 142 is a precious
object of wood covered with skin and leather, transparently
painted on a dark ground (Fig. 10). From previous studies
on cross sections of the paint layers using light microscopy
(Fig. 11) and SEM/EDX (energy dispersive scanning electron
microscopy) it could be seen that there is a white ground
layer consisting of lead white. On top, a dark layer, probably
from carbon black (not detectable by SEM/EDX), with an
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Figure 9. The spectrum of the glass inlay of the iris of the
stucco mask ‘man with beard’ (KHM, Inv. No AS 8515) is
shown in black. The spectrum of the glass inlay of the iris of
the stucco mask ‘fragment of a face’ (KHM, Inv. No AS 6154) is
shown in gray.
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additional copper (blue or green) pigment was applied.
This is followed by several organic layers, probably resin-
containing, because of their fluorescence under UV-light.
Above these layers, the decoration, which was analyzed
using XRF, starts. On a closer look at some imperfections of
the painting, it turned out that there was a red underpainting
underneath the better part of the dark layer that could be
identified as minium (or red lead, Pb3;Oy).

In some areas of the background, the black looked a little
bit more greenish, but after removing the varnish it became
clear that there was a blue background that appeared green
because of the yellowish varnish. In the XRF spectrum of this
blue area, intense calcium, potassium, silicon, and aluminum
peaks could be identified, indicating that the blue pigment
had to be a silicate material like ultramarine or lapis lazuli
(Fig. 12). Additionally, like in the residual black background,
a copper pigment was present also in these areas.

Because of the detection of mercury in some red areas of
the decoration cinnabar (HgS) could be identified. In these
parts also some tinsel could be seen, that was identified as
being made of gold.

Figure 10. Oriental saddle (KHM, Inv. No. C 142) with details of
the decoration.

oil containing coating
some dirt

thick orgamic layer -

{resin, multilayer)

lustre (thin)
pold layer

organic layerd (resin)
some residues of o rpiment
arganic layer | -3 (resin)}
black layer

white grounding

Figure 11. Cross section from the Oriental saddle (KHM, Inv. No. C 142).
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Figure 12. Spectrum of the bluish background in some areas

of the decoration of the Oriental saddle (KHM, Inv. No. C 142).

Analysis of Benin bronzes of the museum of
ethnology (Museum fiir Volkerkunde (MVK))
Owing to intense trade between the kingdom of Benin and
the Portuguese, French, Dutch, and the English, an exchange
of goods with these nations took place from the 15th century
A.D. Therefore, the people of Benin came to possess bronze
very early and nowadays their bronze sculptures are of
inestimable value.

Altogether 21 pieces of Benin bronzes were analyzed
to characterize their composition. Again XRF was used for
the analyses, but due to the patina present on the objects a
preparation of the investigated areas was necessary before
the analysis. As far as possible, these areas were chosen from
a hidden part, like the bottom side that is often mounted on
an additional plate. For the preparation, a small area (about
3 x 3 mm) was ground to remove the patina.

The results concerning the tin (the intensity of the
investigated L-line could be improved using the vacuum
chamber-equipped XRF instrument) and zinc proportion of
the bronzes show a tendency: early bronzes contain a higher
amount of tin, nearly equal to the proportion of zinc, whereas
in later pieces the tin virtually disappears and the zinc content
rises to approximately 15%. Two examples can be given: a
dwarf , MVK, Inv. No. 64.735 (Fig. 13(a)), is an early object
dated to the 15th century, and a head, MVK, Inv. No. 98.160
(Fig. 13(b)), is a late piece dated to the 17th—18th centuries
A.D. In the spectrum of the ‘head’ (Fig. 14) the tin peak
clearly disappears and the zinc peak rises in comparison
with the spectrum of the ‘dwarf’.

Although there seems to be a change with time in the
composition of the bronzes, the number of investigated
objects is too small to give general trends. For clarification
and further study of this matter, a larger number of Benin
bronzes needs to be analyzed.

Analysis of glass and enamel standards

The KHM, especially the Collection of Sculpture and
Decorative Arts, holds a wide variety of objects made of glass
or decorated with enamel. Glass and enamel, in particular,
are very sensitive to environmental conditions often causing
corrosion phenomena.*! In the museum, nowadays, the

Copyright © 2008 John Wiley & Sons, Ltd.
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Figure 13. (a) Dwarf (MVK, Inv. No. 64.745), (b) head (MVK, Inv.
No. 98.160).
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Figure 14. Spectrum of the bronzes ‘dwarf’ (black) and
‘head’ (grey).

storage conditions are set to minimize corrosion of these
precious objects. Nevertheless, there is an urgent need for
many objects to be restored and to conserve the delicate
material for the future. For these projects, it is necessary to
know about the composition of the glass and enamel under
consideration. Therefore, some preliminary studies on glass
standards have been carried out with the vacuum chamber
equipped XRF instrument to outline the feasibility of the
(semi-) quantitative analyses of glassy low-Z matrices.

The first step was to optimize the conditions for the
analysis. It turned out that for the enhancement of x-ray lines
with low energy, the polycapillary is the focusing unit of
choice. The x-ray tube was set to maximum power (50 kV,
1 mA) and the measurement time to 1000 s. Although such
a long measuring time was chosen, no discoloration of the
investigated areas caused by the radiation dose was visible.

After the conditioning of a new Kapton® window, some
glass standard reference materials (SRM) of the National
Institute of Standards and Technology, (NIST SRM 610,
620, 621, 1412, 1831) and two model enamels (MDS8
and MGM2*~%) derived from a Deutsche Bundesstiftung
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Umwelt (DBU) research-project,> were measured and then
evaluated with the XRF-FP (fundamental parameter) Quan-
titative Analysis Software of Amptek using fundamental
parameters: the method created for the evaluation consists
of coefficients from five different standards (NIST 620, 1831,
1412, and the model enamels MDS8 and MGM2) and was
checked by evaluating these five and the remaining two stan-
dards listed above. For comparison, some of these standard
materials have also been investigated by SEM/EDX.

The following observations could be made: the evaluated
concentrations of some elements of the model enamel MDS8
show some deviations from the given values, with XRF as
wellas with SEM/EDX. One is in the calculated concentration
of chlorine, which is much less than the given value (Fig. 15).
Additionally in this, standard sulphur is not detectable with
XRF and shows a much smaller value than the given one
(0.3% vs 0.9%) when investigating this model enamel with
SEM/EDX. Aluminum shows a high error in the evaluation
with XRF. Therefore, when the error ranges for the different
elements were estimated, these elements in model enamel
MDSS8 were not considered. Also, the aluminum value of the
NIST SRM 1412 shows a big difference between the calculated
and the given value (3.6 vs 7.5%). This results because the
coefficient of the method used is not suitable for such high
values (~7.5%), indicating that the standard materials used
must have concentrations as close as possible related to the
material under consideration. Nevertheless, the NIST SRM
1412 does not show a composition in the enamel that can be
expected during the 15th—17th centuries.

Taking into consideration the discussed irregularities in
the evaluation of the SRMs and model enamels, the error
that can be expected for the main glass components and the
enamel during the 15th-17th centuries performing quan-
titative evaluation (using the vacuum chamber equipped

1e+5
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log counts
2
+
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;
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Figure 15. Spectrum of the model enamel MDS8.

2DBU-Projekt Nr. 09715: “Modellhaftes Konservierungskonzept fiir
umweltgeschidigte Emailpretiosen im Griinen Gewdlbe Dresden”.
The model enamels MDS8 and MGM2 were manufactured by the
following project partners: Bundesanstalt fiir Materialforschung
und -priifung (BAM), D-12205 Berlin, Fachgruppe IV.2
(Umweltrelevante Material- und Produkteigenschaften) and
Fraunhofer-Institut fiir Silicatforschung (ISC) in Wiirzburg,
AufSenstelle Bronnbach, D-97877 Wertheim, Kompetenzfeld fiir
Kulturgtiterschutz und Umweltmonitoring.

Copyright © 2008 John Wiley & Sons, Ltd.
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Table 3. Resulting error bars for specific elements measured
in a glass matrix

Compound Error bars

Na,O About +25%

MgO About +30% for conc. >0.5%

Al,O3 Up to £30% for NIST standards of

soda-lime glass

Si0, About £7%

KO Depends highly on the concentration
(£15% for conc. >2%)

CaO About £5%

XRF instrument and the Amptek XRE-FP software) can be
estimated as shown in Table 3. Considering these relative
uncertainties, it can be stated that an evaluation of the ele-
ments down to sodium is possible but the results can only
be treated as semiquantitative taking into account error bars
of +30% for the light elements in the glassy matrix. This is a
valuable result for archeometric interpretations.

CONCLUSIONS

The portable (u-) XRF instrument constructed by the
IAEA and equipped with a vacuum chamber for low-
Z analysis by the ATI has proved very useful for the
problems occurring in such a miscellaneous collection
as the KHM with its affiliated institutions, the MVK
(Museum fiir Volkerkunde—Museum of Ethnology) and
OTM (Osterreichisches Theatermuseum— Austrian Theatre
Museum).

For the quantitative analysis of alloys, like bronzes, and
the identification of pigments, including those that contain
low-Z elements, the instrument was applied successfully.
Problems only occurred with the size of the vacuum chamber,
sometimes limiting the accessibility to certain parts of the
objects.

The qualitative analysis of glass and enamel is possible,
if the light elements are present in sufficient amounts (e.g.
10-12% for Na,O). Nevertheless, the evaluation of these
elements can only be done in a semiquantitative way because
of the relative errors occurring during the investigations
of the light elements. Additionally, for the setting of the
coefficients in the XRF-FP software a SRM is needed that
shows a very similar composition of the glassy matrix under
consideration. As there are only a few SRMs available for
glass analysis, this remains one of the main problems. For
elements not present in these SRMs, the coefficients have
to be set as an average value of the neighboring elements,
provided that these elements are present in the SRM. The
evaluation method using standards is necessary because of
the use of the polycapillary, where the excitation profile is
not known in detail. Additionally, the strong absorption of
the light elements in air, increased by the bending of the
Kapton® window into the vacuum chamber leads to some
uncertainties in the air path length. Our trials of evaluation
of glassy matrices using a nonstandard method failed.

Because of the problems described (mainly with the
investigation of glass and enamel), it is planned to build a

X-Ray Spectrom. 2008; 37: 450-457
DOI: 10.1002/xrs
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new vacuum chamber equipped XRF instrument that shows
some improvement:

e an innovative design of the vacuum chamber

e the application of new technology to enhance the x-ray
power (up to 1.5 mA)

e the employment of advanced detector technology

e a solution to the problems concerning the bending of the
Kapton® window.

With this innovative XRF instument, it is hoped that an
improved quantitative analysis of glass and enamel will be
possible. Additionally, this instrument will be permanently
located at the KHM and will, therefore, be available for
studying different problems connected to the highly valuable
objects of the museum’s collections.
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