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Abstract A newly developed spectrometer for energy-
dispersive micro X-ray fluorescence spectrometry has
been designed for the demands of archacometry. ArtTAX
combines the advantages of non-destructive and sensitive
multi-elemental analysis at sub-mm resolution with the
possibility of working outside the laboratory. The spec-
trometer consists of an air-cooled, low-power molybde-
num tube, new generation polycapillary X-ray optics, a
silicon drift detector without the need for liquid-nitrogen
cooling, a CCD camera, and three light diodes for sample
positioning. The motor-driven measurement head is fixed
on ax,y,z-flexible tripod support which can be assembled
and dismantled within minutes. The spot size of the pri-
mary X-ray beam was determined to be 94 pm for the
Cu(Ka) energy, the detection limitsarein arange of afew
tens of pg g for the medium energy-range in glass. Ad-
ditional open helium purging in the excitation and detec-
tion paths enables the determination of elements down to
sodium, thus avoiding vacuum conditions or a size-limit-
ing sample chamber. A selection of qualitative and quan-
titative results on pigment, metal, glass, and enamel
analyses are presented to show the potential of ArtTAX in
the field of art and archaeology.
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Introduction

In archaeometry, especially for the analysis of unique and
valuable objects, the analytical technique should be able
to deliver as detailed information on the material’s com-
position and/or structure as possible without causing any
damage to, or even changing, the artifact. In practice a
compromise must be found between these two extreme re-
quirements which — at least at present — can never both be
satisfactorily fulfilled at the same time.

The archaeometric scientist has a range of powerful
non-destructive techniques at hand, however, for example
X-ray fluorescence (XRF) or proton-induced X-ray emis-
sion (PIXE) (to name only two established methods for
guantitative inorganic elemental determinations). An im-
pressive selection of XRF applications on avariety of his-
torical materials was recently given in a special issue on
the cultural heritage of X-ray spectrometry [1]. The use of
PIXE in the field of art has been reviewed by Johansson
and Campbell [2] and by Demortier and Adriaens [3].

Many of these devices have major drawbacks, which
sometimes limit their range of application. For example,
much of the equipment is stationary, i.e. it requires trans-
port of the objects into the laboratory. Occasionaly this
involves unacceptable risk; sometimes, e.g. for frescos, it
might be impossible. Portable X RF spectrometers are com-
mercialy available; they are primarily used for geochem-
ical or metallurgical surveys but have also been applied,
e.g., to archaeological rock samples [4]. These spectrom-
eters are usually equipped with a radionuclide source and,
because of their low X-ray intensities, are restricted to
large spot sizes (usually more than 1 cm in diameter) of
the incident beam. Lateral resolution is a crucia factor in
the investigation of filigree objects, painting details, or in-
homogeneities and is, therefore, ideally in the mm or even
sub-mm range.

In conventional XRF the sample chamber is usually
part of the spectrometer and vacuum conditions are used
for determination of elements between Z=11 and 19 (Na
to K). Thisis unsatisfactory art analysis for two reasons —
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a sample chamber means severe limitation of object size
and shape and working under vacuum (as essential, e.g.,
for glasses) means unpredictable risk for fragile pieces.

The p-XRF spectrometer introduced here is an attempt
to overcome these limitations and was especialy designed
to meet the demands of archaeometry. Thiswas made pos-
sible by substantial technological developments in recent
years especially in the field of X-ray focusing optics [5]
and the development of silicon drift chamber (SDD) de-
tectors without the need for liquid nitrogen cooling [6].
The first use of a portable energy-dispersive XRF instru-
ment with SDD detectorsin the field of archaeometry was
reported by Fiorini and Longoni [7] and Moioali [8]. In an
earlier publication by Cesareo et a. [9] the use of other
non-cryogenic X-ray detectors in portable systems for ar-
chaeometry was described. A review of portable systems
for energy-dispersive XRF was given by Cesareo et al.
[10]; this also covers application to various art objects,
e.g. gold and bronze abjects and paintings. Janssens and
Adams [11] have summarized applications of pu-XRF (i.e.
with micrometer resolution) using laboratory and syn-
chrotron facilities. A new portable p-XRF was introduced
by Bichimeier [12] — measurements on medieval gold ar-
tifacts and Merovingian glass pearls were performed in air
with a rhodium tube and a polycapillary optics providing
a spot size of 140 pm.

ArtTAX has been constructed within an ongoing re-
search project, that started in April 1999, on the problems
of dating Limoges painted enamels [13]. It is distin-
guished by a comparatively inexpensive and flexible open
set-up which enables investigation of almost any object
without even touching it. The spectrometer can be easily
installed in amuseum store, achurch, or arestorer’sroom
for external use. We trust that this p-XRF spectrometer
will considerably increase the number and nature of art
and archaeol ogical objects now accessible to scientific ex-
amination and will, therefore, contribute to our knowl-
edge of the past.

Spectrometer set-up ATAX — technical details

The design of the ArtTAX measuring head, comprising an
X-ray source for excitation, a new-generation focusing
polycapillary lens, an X-ray detector, a CCD camera, and
a helium gas purging system, is also optimized for acqui-
sition of multielement spectra inside the concave parts of
objects. The portable system is shown in Figs1 and 2 and
its components are described below.

X-ray source and detection system

A low-power metal—ceramic-type MCBM 50 X-ray tube
[14] with molybdenum target is used as excitation source.
With an anode spot size of 70 umx50 pm, a high voltage
of 50 kV and a maximum power of 30 W is possible. The
radiation-protecting tube housing is equipped with an
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Fig.2 The ArtTAX spectrometer head (size approx. 32 cmx20 cm)

electrical shutter and safety functions, externaly con-
trolled by a PC. A free surveyor determined the scattered
radiation from primary beam with maximum power. The
beam was set vertically downwards and was scattered by
alL water PE bottle. At adistance of 1 monly 0.5 mSh
were detected. For additional irradiation protection the
operator is placed behind a mobile wall with 0.5 mm Pb
equivalent.

The X-ray fluorescence is detected by means of an
electro-thermally cooled XFlash detector (Rontec, Berlin,
Germany), which is a silicon drift detector with high-
speed, low-noise electronics. Typical energy resolution
for Mn-Ka radiation at a count rate of 10 kcpsis 160 eV.
The detector has an active area of 5 mm?2 and an 8 um-
thick Dura-beryllium window.

The geometry between primary beam, sample, and de-
tector isfixed at 0°/40° relative to the perpendicular of the
sample surface.



Polycapillary optics

The polycapillary lensis an important part of the ArtTAX
measuring head because it realizes a microspot of primary
X-radiation of high intensity on the sample surface if the
design of the capillary system and adjustment of the X-ray
tube are optimized. Polycapillary systems are an ensem-
ble of glass capillaries which form a united monolithic
structure with a complicated shape [15, 16, 17]. Each cap-
illary transports radiation by means of multiple total ex-
ternal reflections on its inner surface. A system of bent
capillaries, which at one end are pointed at the source and
at the other end at a chosen point, therefore focuses the ra-
diation from one point to another. Because each capillary
captures only radiation within a defined angular interval,
which is approximately twice the critical angle of total ex-
ternal reflection, the optimum values for the anode spot
and the focal spot size are given by the formula:

S =(d2+(f o)) ®

where S; is the size of the source or the focus, f; are the
focal distances from the source or the focus, respectively,
distheinner diameter of the capillary channels, and @ is
the critical angle for total external reflection for the radia-
tion used and the glass material.

The optimum size of the source and the size of the fo-
cal spot thus depend on the radiation energy and the focal
distances at the entrance and exit of the system. Varying
the general size of the capillary lens and considering the
proportions indicated above it becomes possible to vary
the source and focal spot sizeswithin alarge interval from
10 pm to several millimeters. A capillary lens optimized
for a source 50—100 pm in size, which focuses the radia-
tion on a focal spot of the same order of magnitude, is
called “full mini-lens’.

Figure 3 schematically depicts such a mini-lens, which
is used for the ArtTAX spectrometer. The sizes of the in-
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Fig.3 Schematic diagram of the polycapillary lens No. 02mls02

Table 1 Geometric data for the polycapillary lens No. 02mls02

f, mm 37.0+1
f,, mm 29.5+0.1
L, mm 62.5

D (structure/cover), mm 3.5/4.7
D (structure/cover), mm 3.8/4.9
D nax(Structure/cover), mm 5.6/7.7
@, rad 0.1
R=f,+f,+L, mm 129.0+1
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Table2 Physical properties of the mini-lens No. 02mls02

E, keV 8.0-9.0 16.0-19.0
Focus size?, um 100 75
Intensity gain® 2090 1120

aFWHM, scanning by a 15 um pinhole
bintensity gain=Intensity through a 15 um pinhole at lens focus/
Intensity of the direct beam through a 15 um pinhole

dividual channels at the entrance and exit are approxi-
mately 2 um. In the middle of the capillary these channels
are widened to 3 pm. Geometrical data for the mini-lens
are presented in Table 1. Spot sizes and intensity gains
compared with the same set-up geometry, without capil-
laries, in two typical energy ranges, are presented in Table 2.
The beam sizes at 7-9 keV and at 16-19 keV are 100 pum
and 75 pm, respectively.

Figure 4 shows two spectra obtained from the trans-
mitted beam, one measured in the focal plane of the lens
and the other as the direct beam at the same distance from
the source without a capillary. For this test a micro-focus
X-ray tube with a Cu anode at U=26 kV and 1=18 pA was
used. The source spot was 0.1 mm in diameter. The X-ra-
diation was measured by means of the X-Flash detector
with an absorber of 0.1 mm Cu and 0.2 mm Al.

Imaging system and sample positioning

An integrated CCD camera gives an image of the sample
region under investigation (8 mmx8 mm). Two dimmable
white LEDs illuminate the sample from different anglesto
optimize the image quality and contrast depending on the
sample type and surface.

The exact position of the beam on the sample and the
exact distance between object and spectrometer is con-
trolled via three beam-crossing diodes. Their point of in-
tersection is adjusted to the focus of the mini-lens and is
visualized by the camera.

A portable stand manufactured by TSO (Pulsnitz, Ger-
many) is used to position the measuring system relative to
the object under investigation. This stand is characterized
by stable construction (weight ca. 50 kg) and high stabil-
ity. Its different parts can easily be adjusted. The setting
interval of the stand and the variable measuring head sus-
pension enable a large positioning interval. The working
height lies between 0.5 m and 1.5 m.

The measuring head ArtTAX and a motor-driven X,y,z
positioning stage, which consists of three equal modules
with amaximum travel of 50 mm in each direction, can be
directly mounted on the vibration-damped swivel arm of
the support’s cantilever. Reproducibility of measurement
position of +10 um is guaranteed.

The suspension for the measuring head enables to ro-
tate it continuously around a maximum angle of —10° and
90° and to fix it at a definite angle depending on the slope
of the studied surface.

As the electronic unit of the device is mounted on the
stand cantilever and a 10-L helium bottle can be clamped
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Fig.4 X-ray spectra measured
by means of: gray —a 15 um
pinhole at a distance of 129 mm
from the source (measurement
time 1000 s); black —a 15 pm
pinhole in the focus of the lens
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to the stand by means of a special fixture, the complete
ArtTAX system can easily be moved between different
objects of investigation.

Assembly and dismantling of the complete set-up can
be achieved within approx. 30 min. The whole equipment,
which istransportable by means of a utility car, consists of
three boxes and an industrial PC (total weight ca. 100 kg),
and a 10-L helium bottle if required.

Control and data-handling software

All essential hardware functions, e.g. X-ray source condi-
tion settings and generator safety functions, the start/stop
of measurements, real time and live time XRF spectra ac-
cumulation and storage, visualization of spectra on the PC
screen, and X,y,z-positioning by use of stepper motors are
controlled via a serial interface by an industrial PC with
the Windows-based ArtTAX-Citrl software (Intax, Berlin,
Germany). Energy and FWHM calibration, element iden-
tification, background calculation, peak fitting, peak and
background net area calculation, and report functions are
the main features for qualitative analysis. A data and
spectra export function delivers the required .spe files for
guantitative analysis with the AXIL/QXAS software pack-
age from the IAEA (International Atomic Energy Agency,
Seibersdorf, Austria). The QXAS applies adirect compar-
ison method of count rates or an elemental sensitivity
method (considering absorption effects), both using stan-
dard sample sets with similar element concentrations, or
aternatively a standardless fundamental parameter calcu-
lation.
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Spectrometrical characterization
Spot-size measurement

The latera resolution of a mobile device might be ex-
pected to be not as good as for stationary equipment, ow-
ing to unavoidable vibrations of the measurement head &f -
ter movement of the x,y,z-stage and slight shaking of the
floor. It was, therefore, experimentally important to deter-
mine the “true” spot size of the ArtTAX mini-lens as a
sum of the physical spot size of the polycapillary and an
additional mechanical “vibration” part.

Spot-size measurement was conducted by performing
aline scan over a sharp copper—gold edge in 10-um steps.
The measurement conditions were 40 kV, 0.6 mA, 60 s
lifetime, helium atmosphere.

The net fluorescence intensity of the Cu(Ka) line at
8.047 keV and the Au(Mal) line at 2.123 keV were eval-
uated. The decrease and increase of fluorescence inten-
sity, respectively, were fitted according to a Boltzmann
function. The full width at half maximum (FWHM) of its
first derivative was taken as the value for the lateral reso-
[ution at this energy value (Fig.5).

For the Cu(K) energy a spot size of 94 um was calcu-
lated. In good agreement with theoretical considerations
of the total reflection within aglass capillary, the value for
the lower-energetic Au(M) line was found to be dlightly
reduced in lateral resolution — the value was 108 um. The
experiment also showed that the “true”’ lateral resolution
of the ArtTAX spectrometer was not significantly worse
than for mechanically fixed stetionary arrangements (for
comparison see Table 2).

It must be emphasized that our first practical experi-
ence demonstrated the superiority of the lateral resolution
available with this equipment compared with a normal
pin-hole design (the spot size limited to a minimum of ca
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Fig.5 Spot-size calculation of the polycapillary optics for the
Cu(Ka) (a, b) and Au(Ma) (c, d) lines. Measurement conditions:
40 kV, 600 YA, 60 slifetime, 0.8 L min He

0.5 mm) especially for investigation of painting details
and filigree objects such asjewelry. We also assume that a
smaller beam size — ca. 30 um has so far been achieved in
laboratory facilities—is difficult to realize in amobile de-
vice and, it seemsto us, is hot necessary for most applica-
tions in archaeometry.

Repeatability of positioning

The exact positioning of the distance between sample and
spectrometer (designated as the z parameter) is crucial to
the accuracy and precision of quantitative investigations.
The repeatability with and without re-positioning of the
spectrometer head via the camera image was, therefore,
compared for the Ca(Ka) main line of a standard glass
(Corning D). The net count rate was approx. 360 cps.
Without moving the spectrometer head between the indi-
vidual measurements, a repeatability of 0.7% (n=20), ex-
pressed as relative standard deviation RSD of the net peak
area, was calculated. Thisvalue is determined by the tube
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and detector stability and the statistical counting error. For
comparison with this, a second experiment was performed
with a new optical adjustment of the z axis for every sin-
gle measurement. It was observed that the sample dis-
tance could be set with an accuracy of £0.1 mm for even,
unpolished surfaces. Within this limit the spot size does
not increase significantly. Repeatability with re-position-
ing was determined, for the same element line and the
same conditions, to be 0.9% RSD. Repeatability is, there-
fore, reduced only minimally by re-positioning. This situ-
ation might become more difficult for highly reflective or
polished sample surfaces, because the true position of the
diode spotsis not easy to recognize. In such circumstances
attachment of a small piece of a thin tissue (ca. 0.1 mm
thick) to the object with a drop of ethanol, or any other
convenient liquid, is recommended. The dried tissue can
easily be removed after adjustment; the sample distance
must then be corrected for the tissue thickness.

Helium purging

Fluorescence lines below 3.5 keV are significantly ab-
sorbed in an air-filled path of 10 mm between sample and
detector. To give an example, the sodium fluorescence has



312

Ultramarine, synth.

120004,

® E measured in air

E S 0.8 Umin He

S 1 5

E 8000 - !

=

2 6000-

o

=

§ 4000 - ?a

o { Al i I

o ' {Mo) I

= 20004 }

5 Na \
1] T .I I- T , 1
4] 1 2 3 4 5

Energy in keV

Fig.6 Spectra obtained an ultramarine pigment with and without
helium purging (cut-out). M easurement conditions 40 kV, 600 pA,
300 slifetime

atransmission of only 1.9% under such conditions whereas
in a helium atmosphere transmission is still 98.5%. Vac-
uum conditions (not an option for the spectrometer pre-
sented here) or, aternatively, purging with helium are,
therefore, necessary for the determination of elements
with Z<20 (Ca).

For the feasibility of non-touching investigations and
for better sample observation it was desirable to maintain
an open arrangement for helium purging.

All excitation and detection paths can be rinsed with
inert gaswhich is directed, by use of two gas jets, towards
the sample surface. The polycapillary, aso, has beenfilled
with helium and shut with two beryllium windows 25 pm
thick. This leads to a considerable increase of the Mo(L)
excitation intensity and improved detection limits for the
light elements.

A total helium flow of 0.8 L min= was found to give
optimum signals. Comparison of open geometry with an
arrangement with an additional plastic collar revealed no
differences between fluorescence intensities. Helium of
low purity (so called “balloon gas”) is sufficient for purg-
ing and helps to reduce costs.

Figure 6 depicts the effect of the helium atmosphere.
The spectra of a synthetic ultramarine pigment —a sodium
aluminum silicate with enclosed sulfur radicals — clearly
shows the strong absorption of the X-ray fluorescence by
air at energies lower than 3.5 keV (Na—K).

The repeatability of the determination of sodium in a
soda-lime reference glass with 14.3% Na,O (Corning A)
was determined to be 7.0% RSD (n=15, no re-position-

ing).

Detection limits

Detection limits (DL) were calculated for a series of lead-
free standard glasses. The actual measurement conditions
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Fig.7 Spectrum obtained from the reference glass NIST 610
(500 pg g trace element standard). Measurement performed at
40 kV, 600 pA, 300 s, 0.8L min He

were 40 kV (45 kV for Sn, Sb and Ba), 600 pA, 300 slife-
time, 0.8 L min He.

A spectrum obtained from a certified standard glass
(NIST 610) with an approximate weight fraction of
500 pg g of various trace elements (e.g. Mn, Fe, Cu, Ni,
Co, Ph, Rb, Sr, etc.) is shown in Fig.7. (The sodium and
aluminum content are approx. 14% Na,O and 2% Al,Os.)

The detection limits were calculated as 30 values ac-
cording to Eq. (2):

DL=3/BG - _

i,netto
where BG is the background, w; the weight fraction of el-
ement i, and N; yeto the net peak area of element i.

DL for 20 elements are listed in Table 3.

When molybdenum was used as tube target material,
and with the highest intensity gains of the polycapillary at
approximately 8-9 keV, best detection limits were achieved
for a medium energy range of ca. 5-15 keV. Detection
limits for the chosen measurements conditions (i.e. with
a moderate accumulation time) were between 18 and
120 pg g. For higher energies above the Mo(K) excita-
tion energy the sensitivity is necessarily reduced, also be-
cause of poorer detector efficiency for the SDD detector,
although elements such as tin and antimony in glass can
still be detected above mass fractions of approximately
0.03 to 0.05% of the oxides, via their K-lines, even for
BaO the detection limit is below 0.5%. The detection lim-
its achieved for the energy range between 1 and 3 keV by
purging with helium can be considered as satisfactory for
investigation of pigments, precious stones, and, espe-
cialy, glass and enamel (which is here regarded as glass
on metal). Although detection limits for Na,O, Al,O3, and
MgO — ca. 4%, 2%, and 0.4%, respectively — are not as
good as for most conventional XRF systems with larger
spot sizes and a vacuum chamber, they are a considerable
improvement compared to measurementsin air, and easily
enable classification of different types of glass.

@)



Table 3 Detection limits (DL) for different elements (30 values)
in lead-free glass. Measurement conditions: 40 or 45 kV, 600 YA,
300 slifetime, 0.8 L mint He

Element or Fluorescence DL in wt%
element oxide series orug gt
Na,O Na(Ka) 3.8%
MgO Mg(Ka) 2.0%
Al,Oq Al(Ka) 0.39%
P,0Os5 P(Ka) 0.34%

cl Cl(Ka) 0.022%
K,O K(Ka) 49 ug gt
Ti Ti(Ka) 27pug gt
Mn Mn(Ka) 22 ug gt
Fe Fe(Ka) 19ugg?t
Co Co(Ka) 18ugg?t
Cu Cu(Ka) 19ugg?t
Zn Zn(Ka) 22pggt
Rb Rb(Ka) 46 ug gt
Sr Sr(Ka) 29ug gt
Pb Pb(La) 29ug gt
Th Th(La) 106 ug gt
U U(La) 120 pg gt
Sno, Sn(Ka) 0.032%
Sb,0;4 Sh(Ka) 0.052%
BaO Ba(Ka) 0.44%
Applications

The p-XRF is capable of quantitative analysis of a wide
range of object made of different materials, i.e. metals,
glass, ceramics, gemstones, and different pigments on
paintings, frescos, illuminated manuscripts etc.

An application of afirst ArtTAX prototype (still with-
out X-ray optics and helium purging) — the non-destruc-
tive characterization of historical iron gallus inks — was
published by Hahn [18].

Metals

The feasibility of investigation of metals is briefly illus-
trated by investigation of the so-called “Sceptre of
Charles the Great” (Kunstgewerbemuseum Berlin). The
sceptre, length approximately 50 cm, is dated as 15th cen-
tury and is made of agate and gold mountings.

M-XRF measurement in the museum revealed that the
mountings are made not of massive gold but of a gilded
silver aloy. The small beam size enabled separate investi-
gation of the golden surface and of small damaged areas—
increased signals from silver and copper and a lower sig-
nal for gold were obtained from the latter. Quantification
of the gold layer and the bulk alloy was not easily feasible
because the information depth of the XRF was larger than
the thickness of the gilding layer.

The presence of mercury in the gold surface proved
use of the technique of “fire gilding” for this medieval
piece (Fig.8). Fire gilding is a technique in which a mix-
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Fig.8 Spectrum cut-out obtained from the gilded surface of the
so-called “sceptre of Charles the Great”. Comparison was made
with a 750 jewelry gold to illustrate the presence of mercury

ture of gold and mercury was applied and the object sub-
sequently heated to volatilize the mercury [19].

A particular feature of materiads with a crystalline
structure in the p-XRF is also evident from Fig.8. The
strong focusing of a high-intensity primary beam leads to
additional diffraction peaks (in this example between 5
and 6 keV) for energy values which fulfil the Bragg rule
at the given geometry.

Glass and enamel

Initial quantitative calculations using standard glasses of
similar composition were performed using the elemental
sensitivity method provided by the QXAS software pack-
age. Peak deconvolution was performed by use of AXIL.
For verification the results obtained were compared with
those from electron probe microanalysis (EPMA), a well-
established analytical technique for the investigation of his-
torical glasses. EPMA requires asmall sample—ca. 1 mm3,
This is embedded in epoxy resin, ground, polished, and
carbon-coated for analysis. The EPMA reference measure-
ments were conducted with an ARL-microprobe (SEMQ)
instrument equipped with an energy-dispersive spectrom-
eter (KEVEX-WINEDS) with an Si(Li) detection system
with a thin polymer window for light-element detection.
The conditions were chosen to ensure that no migration of
Na* and/or K* occurred during measurement, by working
with the smallest possible irradiating electron current and
a moving beam. Operation and theoretical background
have been described in detail in the literature [20]. The ac-
curacy of EPMA is approximately 1-2% rel. for main el-
ements and can be up to 15-20% for elements near the de-
tection limit (approx. 0.2% of the oxide in glass).

Results from two single p-X RF measurements without
further sample treatment were compared with those ob-
tained by use of energy-dispersive EPMA for a 18th cen-
tury mirror glass from the “Merseburger Spiegel kabinett”
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Table 4 Quantitative results from p-XRF and EPMA analysis of
a 18th century mirror glass

uU-XRF EPMA
(n=2)

Measure- Measure- Average

ment 1 ment 2
Na,O <DL <DL <3.8 4.65
MgO <DL <DL <2.0 <0.2%
Al,O4 217 2.30 2.23 215
SO, 63.5 64.6 64.0 63.0
P,Os <DL <DL <0.34 <0.2
K,O 17.6 17.9 17.8 185
CaO 9.59 9.79 9.69 9.84
TiO, 0.085 0.086 0.085 0.12
MnO 0.41 0.42 0.41 0.36
Fe,0, 0.22 0.23 0.22 0.22
SrO 0.041 0.041 0.041 <0.2
BaO <DL <DL <0.44 <0.2

All data are given in wt%
U-XRF values are not normalized
DL =detection limit

(Kunstgewerbemuseum Berlin) [21]. The results are com-
pared in Table 4. The measurement conditions for p-XRF
were 45 kV, 600 pA, 100 slifetime, and 0.8 L min He.

The results of the two methods are in good agreement.
The relative differences found for the main and minor el-
ements are between 1.5 and 3.7% relative and can there-
fore be regarded as satisfactory for many archaeometric
problems. For element oxide contents below 0.5% the dif-
ferenceislarger (e.g. for MnO and TiO, 14% rel.) but till
within the normal range of precision of the SEM. Na,O
was not found by p-XRF — probably because of a com-
mon effect in XRF analysis of historical glasses, for
which values for this element are often too low. It iswell-
established that strong depletion of sodium oxide is ob-
served in corrosion layers on glass. The information depth
of the sodium fluorescence signal is approximately 1-2
pm and is, therefore, severely affected by deterioration
processes (even if they are not yet visible). To obtain ac-
curate results local polishing of the area of measurement
would have been necessary.

In afirst measurement campaign at the Kunstgewerbe-
museum Berlin the mobile p-XRF spectrometer ArtTAX
was used for non-destructive investigation of painted
enamels from the French city Limoges. This highly so-
phisticated art of painting with glass pastes and firing
them on a copper carrier had its peak in the late 15th to
early 17th centuries. Recent art-historical research cast
doubt on the authenticity of some of the Limoges painted
enamels in the collection of the Kunstgewerbemuseum
[22]. During the second half of the 19th century — a time
which saw a revived interest in the art of the Medieva
ages and the Renaissance — an unknown number of repli-
cas and deliberate forgeries of painted enamels in the
Limoges School style were made.

The minute execution of painting details in different
colors and materials made lateral resolution of approxi-

Fig.9 Detail of an artist’s signature on a 16th c. Limoges painted
enamel (line thickness app. 150 um). The ellipse represents the
arealit by the overlaid red positioning diode spots

Fig.10 p-XRF investigation of a Limoges painted enamel (jug
dated “1564” with bacchus procession) in the Kunstgewerbemu-
seum Berlin
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Fig.11 Spectra obtained from the polychrome enameled jug with
bacchus procession: (a) spectrum from opague white enamel (gri-
salle); (b) spectrum from transparent green enamel; (c) spectrum
from light yellow enamel
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mately 100 pm essential. Figure 9 illustrates a detail from
a signature with a line thickness of app. 150 um which
could be analyzed separately from the opagque white back-
ground.

The results from p-XRF measurements of a poly-
chrome jug dated “1564” showing a triumphal procession
of bacchus (Fig.10) are a good example of the power of
the new device. The measurements (Fig.11) identified
lead arsenate as opacifier in opaque white areas, in con-
tradiction to 16th century enamels which contain tin oxide
in alead-rich matrix. An enamel with a green-yellow tint
contained chromium, which is adating marker for the 19th
century. Furthermore, in transparent yellowish enamel from
this piece the element uranium was detected in significant
amounts; this element was introduced into glass and
enamel production only in the eighteen-thirties [23, 24].

Even with these readily available qualitative results a
16th century date can be definitely excluded, which isin
agreement with the art-historical research on this jug.

A few known limitations of pu-XRF in the field of ar-
chaeometry should, however, be mentioned.

The area to be analyzed must be chosen carefully with
regard to possible inhomogeneities or surface composi-
tional change, as a result of deterioration, because these
might have a serious influence on the analytical results.
Furthermore, similarly to conventional XRF, the informa-
tion depths for different elements and materialsis high (in
the micron to even millimeter range). The quantification
of layered materials might, therefore, be not always possi-
ble. Also sample surface roughness or small particle size
(e.g. chips) can cause quantification problems as a result
of geometric effects. The influence of particle size on flu-
orescence intensities was shown by Rdodel [25].

It should also be emphasized that special care must be
taken with materials sensitive to ionizing radiation (i.e.
non-conducting materials such as glass or certain pig-
ments). We found that even irradiation times of only 5 min
(at 45 kV, 600 pA) can occasionaly cause weak brown
discoloration of white enamels, porcelain, or transparent
glass. This effect, explained by the formation of so-called
“color centers’ [26], is partly reversible with time but
should be carefully taken into account when choosing spec-
trum accumulation times.

Conclusion

Mobile energy-dispersive pu-XRF spectrometry enables a
wide range of new applications in the field of art and ar-
chaeology. It will be possible to perform material investi-
gations on many more objects for which scientific analy-
sis has not hitherto been feasible. The new ArtTAX spec-
trometer described here combines the general advantages
of XRF, such as non-destructivity, satisfactory detection
limits, and fast multielemental analyses with excellent |at-
eral resolution, mobility, and an open, chamber-less de-
sign. For non-deteriorated objects no further sample prepa-
ration is required. ArtTAX is commercialy available in
customer-specified modifications.
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More experience must, however, be gained, especially
with regard to the sturdiness of the spectrometer in long-
term and in-field use. A future focus should be improve-
ment of quantification routines — it is hoped that, espe-
cialy, the physical models for a standardless quantifica-
tion using fundamental parameter models will be adapted
taking the changed polychromatic and broad-filtered exci-
tation characteristics of capillary optics into account.
Without doubt, the technology of capillary fabrication and
non-cryogenic detectors will also be the subject of further
developments.
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