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Abstract—The availability of transportable equipment for in situ non-destructive analysis of works of
art is considered to be very important. In situ non-destructive study is typically diagnostic, therefore
requiring only qualitative or semiguantitative results. In the case of alloys. guantitative results can also
be obtained. In Energy Dispersive X-Ray Fluorescence (EDXRF) analysis, portable instruments can
now be assembled. For instance, miniaturised X-ray tubes with air cooling and high resolution semicon-
ductor detectors thermoelectrically cooled are now available, allowing the construction of completely
transporiable apparatus for EDXRF analysis. In this work, aspects regarding methodology of analysis

and discussion of the precision obtainable in analysis of ancient metals are presented. ©

Science Ltd. All rights reserved

INTRODUCTION

Archaecometry and conservation can be viewed as
experimental branches of historical disciplines. In
these fields. Energy Dispersive X-Ray Fluorescence
(EDXRF) has found extensive use because it is a
non-invasive technique which makes possible the
detection of the elemental profile of inorganic
materials, such as those constituting objects of
art. Among the most significant applications of
EDXRF in these fields are the quantitative analysis
of alloys and the non-destructive study of inorganic
pigments in paintings and frescoes.

EDXRF is a well known technique in apphed
fields since it offers a number of notable advan-
tages, including simplicity. Since the 1980s, trans-
portable/portable equipment have been developed
using radioisotopic sources and proportional gas
counters and scintillators (Cameron and Rhodes,
1961; Cesareo et al.. 1972). Unfortunately, use of
these was limited by the poor energy resolution
of the detectors and problems associated with the
transportation of radioisotopic sources. The possi-
bility of assembling transportable systems with
adequate characteristics has only recently been
realised due to (1) the development of cryo-
clectrically cooled detectors with improved energy
resolution (Cesareo er al., 1992, Wang er al., 1993;
Huber ef al.. 1994) and (ii) the realisation of dedi-
cated X-ray tubes of small dimensions and adequate
stability (Cesarco ef al.. 1996a.b: Oxford, 1996).

There is substantial difference between a trans-
portable and a real portable spectrometer: a porta-
ble instrument must be autonomous, i.e. complete
with its own battery, and its weight must be suffi-
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ciently small that it can be posttioned by hand with-
out the aid of other support, while a transportable
mstrument can be brought to the chosen site for
measurements,

For most applications it is enough (o have a
transportable rather than a portable system. Indeed,
in the case of works of art the problem 1s really one
of not being allowed to iake samples, and therefore
a spectrometer is required which can be moved in
order Lo analyse desired points on the object.

There exist a large number of systems (or non-
destructive analysis of materials, but only a few
have been constructed such that the equipment can
be transported to muscums or excavation sites, with
the advantage of both not needlessly damaging the
work of art and of not moving it. To move a work
of art is, 1n fact, very complex for both bureaucratic
and security reasons. In particular, the security
reasons take into account the (wo risks that the
work of art (i) could be stolen and (i1) could suffer
damage. In addition, 10 transfer a work of art is an
extremely costly operation. Thus, the use of equip-
ment which can be moved can drastically reduce
the cost of investigation and (avour greater use of
such scientific methods in the study (including assay
before and during restoration) of a work of art.

The basic components of the EDXRF apparatus
(see Fig. 1) are: (a) an X-ray source; (b) an X-ray
detector: (¢) an electronic system including data
acquisition, storage and data presentation. The
transportable EDXRF equipment used in the field
of archaeometry and conservation are of two lypes:

l. for large works of ar(, such as paintings, frescos,
large metal artefacts. large ceramic 1tems, etc. an
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Fig. 1. Diagram of a typical portable spectrometer.

EDXRF spectrometer fixed on a moveable plat-
form for the positioning of the measuring system
in front of the work of art;

2. for small works of art, such as small metal
artefacts, small pamnted surfaces (miniatures,
water-colour, jewels), etc. a fixed spectrometer
equipped with a moveable support for the posi-
uoning of the work of art in front of the
spectrometer.

Metals are especially suited to EDXRF analysis.
The high atomic number (Z) and density of metals
can facilitate the obtaining of high intensity second-
ary X-ray lines, even when making use of low
intensity sources. Moreover, in the case of metal
alloys emission lines of all the elements included in
the alloy can be detected.

The self-absorption of the radiation
emitted by the sample is an inherent limiting factor
because this produces non-linearity in the response
of the measuring system. Given the assumption of
homogeneous samples, there exists the possibility
of correcting the non-linear response by using the
fundamental parameter method.

The non-homogeneity of samples is an additional
limiting factor: in particular ancient metal artefacts
are characterised by a superficial layer which is due
to (i) the effect of external agents (patina) or (i) to
superficial treatment. In addition, the bulk material
is characterised by a microstructure, this sometimes
being due to the fusion technique: these grains or
lamellae. if enriched with higher-Z elements, can
strongly absorb the fluorescence radiation.

In this work, the theoretical framework for non-
destructive study of ancient metal artefacts is dis-
cussed, as are the measurements carried out using
transportable equipment, during recent archaco-
metric  campaigns  in archaeological
museums.
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APPROACHES TO THE QUANTITATIVE X-RAY
FLUORESCENCE ANALYSIS OF ANCIENT METAL
ARTEFACTS
Basic equations for quantitative X-ray fluorescence

analysis

The fluorescence intensity N, (net number of
counts detected in a given spectral window)
produced by the atoms of an element a within a

uniform sample irradiated with a monochromatic
# - )
beam of energy £y and intensity Ay is given by:

Ny :‘N'UkC(Ea )Au‘ph‘a(EO)“)A.SI"M..\I’I“.‘A

'[M(Eo)+u{E.)]pJ‘

w(Ey) + plEy)

where:

k is a geometrical term, depending on Lhe
source-sample and sample—detector  distances
and on the detector area;

€(E,) 1s the intrinsic detector efliciency for the
particular encergy of the fluorescence line of the
element a;

Hphs(Ep) represents the pholoelectric mass
attenuation coeflicient of element a at incident
energy Fo;

W, is the fluorescent yield of element a for the
shell s = K, L,...:

F,. is the fraction of photoelectric interactions
occurring m the shell s,

p: is the probability that the fluorescence event
belongs to the / = 2, ff.7. .. line of inlcrest;

w, is the weight {raction of clement a;

u(FEy) and plE,) are the total mass altenuation
cocfhicients of the sample for incident and XRF
energy, respectively;

¢ is the physical density and x the thickness of
the sample.

In equation (1) contributions resulting from
finite incident of the impmping and exil angles
are neglected; here 1t s worth noting that in non-
destructive analysis of an object it s difficult (o
estimate these angles duc to the roughness of the
surface, which 1s unknown.

Figure 2 shows the interaction of a monochro-
matic X-ray beam in a layer (x of a homogencous
sample), giving rise 1o the production of the second-
ary fluorescence beam.

In the case of bulk metal artefacts & number of
approximations hold:

e the exponential term can be neglected (thick
sample approximation);

e the alloy is composed of few major clements (for
example copper. tin and lead in the case of a
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source detector

Fig. 2. Interaction of X-ray beam in a layer dx of a homo-
geneous sample and detection of the secondary fluor-
escence flux.

bronze) which are at the same time the matrix
and the elements Lo be determined.

In this case 2 more sumple equation can be wril-
ten
ton . (Eo)
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The total mass attenuation coeflicients can be
written as:

WE) = v, (E) (3)
where g, 18 the mass absorption coefficients of el-
ement i, this being present in (he sample with a
weight fraction w;,. One can then rewrite equation (2)
as

N.| = Nok((Eu Yo 4% F:n.sp/“'.a

A“pl\.;;(EU)

4
5 Z“'lﬂ,(EO) + Z“'A.u,(Eu) ( )

L) i

where, obviously 3~ w;, = 1.

For a polychromalic excitation beam, such as
cmitted by an X-ray tube, the relationship between
N, and w, is more complex

-N.n =k« (E:l )F;mp;‘(’) asWy

Extn NolE E
» I o )l‘piu( ) dE 5
£ Y WadE)+ Y wilEL)

where F is the binding energy of the electron in the
shell s in which the vacancy occurs and £y, IS
the upper limit of the exciting spectrum; in the case
of an X-ray tube this energy corresponds to the
voltage (kV) applied to the X-ray tube.

The analysed thickness and the mean free puth of
photons in a EDXRF measure

One problem in non-destructive analysis of a
metal artefact is the determination of the thickness
of the sample being probed in the measurement.
Using the concept of Mean Free Path (MFP) of a
photon in a homogeneous material it is possible to
give a value (o the probed thickness. The concept
of MFP can be useful in describing the absorption
of X-rays across a target, and can also be used in
describing the emission of fluorescent radiation.

The MFP is defined as the mean path of a
photon before an interaction '

o
J xe HILE g x
1

)
=Y

G

e~u,(l‘. wdx H

MFP(£) =

JO
where jy(E) 1s the linear absorption coeflicient of
the target at the energy £ of the incoming photon.
For a thickness equal to one MFP the intensity
of the primary beam decreases by the factor l/e,
r.e. by 63.2%.

Substituting for mass with the linear absorption
coeflicients in equation (1) we obtain:

N, :‘\!("k((F:il)!‘NLJ(IL'O)”)3.)Fabpf“.1/)
1 ef(u,tf_‘.,)ﬂml:, |),1,\

w(Eo) + u(Ey)

(7

where (£y) and py(E,) are the linear attenuation
coeflicients of the sample at incident and fluorescent
X-ray energy. respectively. and p is the densily of
the material.

Using the definition of MFP

1 |
MEP(E,) |~ MEP(E,)

(o) + y(Ey) = (®

and introducing the concept of total MFP¢ in the
process

| 1 |
MEP;  MEDP(L,) = MFP(E,)

MFP(£Ey) - MFP(E,)

MFP; = =
= MEPr = MFpiE) + MFPE)  ©
it is possible rewrite equation (7) as follows:
Ny = Noke E) tipn 1 Eo)w o < Fas piwa
x pMFPy(1 — cMFFT), (10)

Therefore, the intensity of fluorescent radiation is
a function of the MFP. In particular, a thickness
equal to one MFPy vields 63.2% of the (olal
tensity; therefore, MFPy is a good measure ol the
probed thickness of the material.

In a target having a thickness greater then 4.6
MFPy the exponential term can be neglected and
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equation (10) becomes:

N, = Noke(E, )l‘ph,u‘EO)('M.sFa\s P2l w,pMFP1. (11)
Since necessarily Eq> E,, it can be easily demon-
strated that:

MFP(E,)=MFPy <MFP(Ey)/2 (12)

MFP+ being equal to MFP(E,)/2 for the coherent
scattering only, when the energy of the incoming
photon is equal to that of the exiting.

There are only a few exceptions to the statement
that MFP(E,) < MFP(E,). This happens restric-
tively when the exciting energy is just below an
absorption edge of a major element of the alloy. In
this case the probed volume is determined by the
small penetration of exciting beam.

Figure 3 shows the MFP values (for the energies
of the K.,-lines of the elements in the interval
20 < Z < 60) for four typical elements with which
the ancient metal artefacts were manufactured. The
MFPs are always less than 200 ym. this also being
the case for the K,-lines of higher-Z clements, such
as Sn and Sbh. For an Au matrix the MFPs are very
low, especially for elements such as Fe and Cu; in
this case only a very superficial layer is probed;
therefore any treatment or degradation of the
surface can produce significant effects.

The MFP depends upon the weight fraction of
the constituents of the alloy; in Fig. 4(a) the MFPq
for the K, -lines of Cu, Ag, Sn are shown, as is thal
for the L,-line of Pbh, as a function of Sn weight
fraction for a Cu-Sn ulloy and for an exciung
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energy of 31 keV. In Fig. 4(b) the MFPt for the
K.-lines of Cu, Ag, and the L,-line of Au are
shown as a function of Ag weight fraction for an
Au-Ag alloy at the same mcident energy.

Using a polychromatic primary heam the concept
of MFP can be still useful; in fact. equation (5) can
be written as:

"\’.1 — k((Eu )Fu.ipf(’)un“'::
Exias
% J No(E iy J(EIMFPH(EYdE  (13)
E,

where the MFPy is a slowing varying function of
the energy (except when the primary beam spectrum
encompasses an absorption edge of a wmajority
clement of the alloy) and both p,, ., and Ny(E) are
rapidly varying functions of the energy. It is there-
fore possible to introduce an effective MFP,

Entus

MFPT=J No(E )MFP1(E) dE. (14)

The interval of variability of the MFP; can be
calculated using equation (12)

MFP(E,)<MFPr<MFP(Emad)/2. (15)

The fundamental parameter and the ratio of the
peaks methods

The fundamental parameters method is a well
known approach for quantitative analysis in
X-ray emission spectrometry, both using charged
particles (clectrons. Gedcke er al., 1982 and

1000
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Fig. 3. Total Mean Free Paths (see equation (9)) for the energies of the K,-lines of the elements in the
imterval 20 < Z < 60 for four typical elements with which the ancient metal artefacts were manufac-
tured.
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Fig. 4 (a) MFPy (exciting energy 31 keV) for the K,-lines of Cu, Ag. Sn and the L,-line of Pb as 4
function of Sn weight fraction for a Cu-Sn alloy: (b) MFPy (exciting energy 31 keV) lor the K, -lines of
Cu. Ag. and the L,-line of Au as a function of Ag weight (raction for an Au-Ag alloy.

protons, Maxwell ¢/ al.. 1988) and photons (Van
Espen ¢ al.. 1977; Shen and Russ, 1977). For non-
destructive  EDXRF  analysis of ancient metal
alloys, the usefulness of (he technique is very clear.
In fact, since concentrations of elements constitut-
ing the alloys can be extremely variable, the
response curves are non-linear and this restricts the

possibility of obtaining a precise interpolation.
In addition, it is difficult to have a good set of
standard samples for each application,

This method uses the fundamental equations
given in the section ‘Basic cquations for guantita-
tive X-ray fluorescence analysis’ to calculate the
weight fraction of cach element. To do this the
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tabulated values of the partial and total mass
absorption coeflicients are used (Hubbell and
Seltzer, 1995; Berger and Hubell, 1987; Storm and
Israel, 1970) as are the physical constants involved
in the production of a fluorescence event, such as
fluorescence yield (Bambynek er al, 1974), tran-
sition probability, edge jumps of the photoelectric
cross sections (Scofield, 1973), etc.

With this approach only a small number of stan-
dards samples are required, these being necessary to
calculate the values of parameters such as physical
and geometrical efficiency, which can only be deter-
mined experimentally.

One problem in the non-destructive study of an
object is that peaks intensity 15 a function of the
geometrical efficiency (parameter k in equation (1)).
Use of a transportable spectrometer and the irregu-
lar shape of the artefact surface makes il exper-
imentally difficult 10 have a constant gcometrical
efficiency. To reduce the importance of (his effect,
the size of the primary excitation beam must be
minimised and an efficient pointing device should
also be used to direct the exciting beam on to the
desired point.

In an emission spectrum the ratio of the peaks 1s
always independent of the geometrical efficiency
and the mtensity of the exciting beam. This prop-
erty has been widely used in X-ray spectrometry to
correct for a number of errors (such as long-term
fluctuations and drifts) and 1s the basis of the well
known method of normalisation using internal stan-
dards (Klockenkdmper er al., 1987). This is the jus-
tification for the use of the ratio of all peaks with
respect 10 the most intense peak of the alloy, i.e.
copper for the bronzes, gold for gold artefacts and
silver for silver artefacts. Using equation (11) the
intensity ratio of two peaks can be writlen as:

N, ((E.n )ﬂph_‘. (Eo)w as F.x..\/’l“'.‘i M FPT.u

m S ‘(Em )l‘ph_;cy‘(Eu)f"r:l'.»_\};:spl"'rdM FPT.r;'f
(16a)
or in the case of a polychromatic exciting beam
(equation (13))

((E:l)[".mpfw;a.s”'.l
Entin
. X J NoCE Yt o (E YMFPL(E ) dE
L E,
K‘; ® e Ercl')Fruf.\PI"” ref s Wref

Entuy
% [ NoCE Yty e E MEPY(E ) dE
AE,

(16b)

It is necessary to stress that the MFP+ depends
on the sample composition, and therefore each
MFP depends on the weight fraction of "all the
elements constituting the alloy. Looking at Fig. 4(a)
it 1s evident that the ratio of the MFP+s for Sn and
Cu is not constant for an increasing weight fraction
of Sn. therefore the ratio of equation (13) does not

depend only upon the ratio of the weight fractions
of the two elements, but also uvpon the weight
fractions of all of the other elements of the alloy.

In this work the quantitative determination of the
ancient alloys was performed using the most intense
peak of the element characterising the alloy as an
internal standard and applying the fundamental
parameter method (using an iteralive approach as
described below)

Using an e¢lement as internal standard leads
1o the consequence that only the relative concen-
tration of each element compounding the alloy is
determined (relative to the weight fraction of the
element used as internal standard). With the
assumption that the sum of all of the weight frac-
tions must be one, we can calculate the fraction of
cach element
e Wa/Wref

an

In this way the presence of other clements is
neglected. This assumption will only lead to a
significant systematic errors when the artefact con-
tains large amounts of non-detectable elements. In
ancient artefacts, the possibility exists that low-Z
elements are contained in the inclusions; comparing
the results obtained with different analytical tech-
nigues attention must be given 1o this fact. Our
results cannot be compared with that of techniques
which determine the absolute weight fraction of an
element in a sample. [t is, in any case, a common
practice to neglect the weight fraction of the low-Z
elements, since, usually. these clements are not part
of the alloy, and are frequently a sign of contami-
nation.

Some standard samples have been used in order
to verify the reliability of the results. These stan-
dards were also used to calculate the value of a
number of parameters, such as intrinsic detector
efficiency (the parameter «(E,) in equalion (1)),
which are better determined expenmentally.
However. the possibility of determining the weight
fraction of elements for which there are no standard
samples is one of the principal attractive features of
the fundamental parameters method.

The iterative approach

As mentioned before for an alloy composed of n
elements it is possible to write a system of equations
in which the relative weight fractions (w,/w,e) are
unknowns. In the literature one can find several
approaches to lincarising of the equations and
solving for the system. A different approach is to
write the equations for all the elements constiluting
the alloy

Wy f(Em)}fph_,ur(fll)(Urcl'.\En'r'.»le.\']’fMFP1.n'l' Ny

—_ = b
A‘rcI

Wl 2 ((Eu );‘]\h_\j(E(’)")-l.\])jMFPT.“
(15b)
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and calculating the relauve weight fraction with an
iterative approach. Initially, substitution is made
of (w;/wr) In the values into the nght side of the
equations, the values being calculated assuming that
all the MFPy are equal. In performing a few iter-
ations the condition

(wi/weer)" = (01 /Weer)™” l <k

(W?/“'n‘f)n = (“'2/“'11‘1')“‘I <ky

-1
(Wn/wrc!')" = (“"u/"'rcf)” <k

15 fulfilled and in this way the w /w, values are
determined. The values for the k, are fixed in such a
way that in practice the residual uncertainty is only
a statistical one.

The algorithm developing this approach was
implemented using Visual Basic for Applications
interconnected with an Excel 5 spreadsheet. The
mput of the program is the spectrum of the
analysed object. Such spectra have been translated
from a multichannel exit file to an Excel
Spreadsheet through a procedure also developed in
Visual Basic for Application. From this spectrum,
the program calculates the areas relative to the
different peaks. For the bronzes, the copper K,
peak can be used as a reference.

Fig. 5. Photograph of transportable equipment which was

used in making measurements on an ancient metal artefaci

held in the Bologna Archaeological Museum. The X-ray

tube, a non-cryogenic detector (Si-PIN) device and the

pointing device are both visible. The exciting beam s di-

rected on a very small area through a cylindrical collima-
tor having an exit hole of 2 mm radius.

EDXRF TRANSPORTABLE EQUIPMENT

As discussed in the Introduction, the two control-
ling factors in the development of transportable
equipment are the availability (a) of room tempera-
ture X-ray detectors having an energy resolution
of 200-300 ¢V and (b) of miniaturised low power
X-ray tubes.

In Fig.
shown.

5 a typical portable spectrometer is
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Fig. 6. Spectra of a gold artefact acquired using (a) a HpGe detector and (b) an electrothermally cooled
Si-PIN detector. Visual comparison of the two spectra indicates reduced resolution for the non-cryo-
genic detector.
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X-RAY TURE

Nowadays, small X-ray tubes are avaable that
can be used in conjunction with portable spec-
trometers. The principal characteristics of these
tubes are: (a) air cooling: (b) low weight; (¢) stab-
ility, The miniaturisation of a suitable X-ray tube
and related power generator is feasible because of
the limited requirements for analysis of archacologi-
cal samples. In tact, & high voltage supply of 40—
45 kV and a current of 200- 300 pA is adequate for
such purpose

A compact X-ray tube with a lugh power genera-
tor has been developed by EIS stl, Rome. The tech-
nical characteristics of this source are:

e Tungsten anode

e Focus 0.6 mm (1.LE.C))

o Inherent filtration of 0.8 mm Al

e Stabilised anode HV adjustable in the interval

20-50 kV
e Anode current adjustable in the interval 0-] mA
e Air cooling
e Dimensions 163 mm (W) x 193 mm (D) x 180 mm

(H)

e Weight ~7 kg
e [aser Pointer

The air cooling system is based on the very effi-
cient heat transfer available inside the tube shielding
box through convective movements of a non-con-
ductive liquid. In addition, the actual power supply
is characterised by very high stability.

G. F. Gigante and R, Cesareo

X-ray detectors

Two types of Peltier-cooled miniaturised detec-
tors were employed, Hgl, and Si-PIN,

The mercuric 1odide detector. developed by
Iwanczyk and co-workers (Jwanczyk et al., 1984,
1989), is characterised by about 200 eV resolution
at 59keV and by very small size and weight, in
comparison with cryogenic detectors. This has been
employed for in situ analysis of anciemt gold and
bronze samples; the spectra obtained are quile simi-
lar to those of nitrogen cooled Si(Li) or HpGe (see
Fig. 6).

Si-PIN detectors have been developed over Lhe
last few vears, espectally by AMPTEK, and
are characterised by a 300 pm Si-diode and
coolng with a Peltier cell (Huber er al., 1993). This
detector s characterised by an energy resolution of
ahout 230eV at SYkeV. The cfficiency of this
detector  rapidly  decrcases  beyond  25-30 keV,
due to the reduced thickness of the Si-diode (sce
Fig. 7).

RESULTS

The objective of the currently reported research
was (o cvaluate the feasibility of carrying out
measurements in museums on groups ol metal arte-
facts using transportable equipment. In the follow-
ing, some results obtained during these campaigns
will be discussed, followed in the next section by
some  oplimisation criteria  for the measuring

system.

Si(L1) with 3 mm
depiciionbyer

g l
2
§ 0.5 i h 8 5 o
LE Si-PIN diode with
1 T . 300 pm depletion
; Mo 1
Si
03 4+— =
d Ag
02 — Cd - )
Al Sn
Sb |
0.1 — = s = XeCipy,, -
y
¢ - + + : ; : . + ———— 4 - -
(1] 2 4 6 ] 10 12 14 16 18 20 22 24 26 28 30 32 34 36 1% an

Energy (keV)

Fig. 7. Efficiency curves for a Si(la) detector cooled with liguid nitrogen (3 mm thick) and an eleetro-
thermally cooled S1-PIN detector (300 gm thick)
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Fig. 8. Stmulation of the emssion spectra of an X-

ray tube with HV of 30-, 35- and 40-kV and 5 mm

Al filter.

Optimisation of meusuring conditions

Optimisation of the exciting ¢nergy and source
intensity is required to always have an optimal
counting rate in the peaks of interest. For this it is
necessary to vary the exciting beam spectrum. The
high mtensity of an X-ray tube allows one to obtain

a relatively fine pencil beam (5 to 6 mm?) of vari-
able mean energy in order to excite the fluorescence
over a small area of the artefact.

In Fig. 8 simulated spectra for HV of 30-, 35-
and 40-kV with & Smm Al filter are shown. The
simulation shows how the voltage critically influ-
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Fig. 9. EDXRF spectrum of an Etruscan item of gold-silver alloy, acquired by the Villa Giulia
Museum in Rome. A Hgl, non-cryogenic detector and a miniaturised X-ray tube (HV 35kV, 500 jA)
were used.
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Fig. 10. EDXRF spectrum of a Villanoviano period bronze acquired by the Bolsena Museum A Si-
PIN detector and a miniaturised X-ray tube (HV 40 kV, 500 uA) were used.

ences the excitation of the elements, including tin,
antimony and silver. For the above conditions the
absorption edges of these clements are in the middle

part of the X-ray tube spectrum. The intensity of

the low atomic number elements is not strongly
influenced by the X-ray tube vollage.

The optimisation criterion is to have approxi-
mately the same peak intensity for the two major el-
ements; for example for bronze we need to have the
peak of tin about equal to that of copper (sce
FFig. 9) and for a gold-silver alloy the Au L-peaks
must be about equal to the Ag K,-peak (Fig. 10). A
40 kV HV and a 200-400 uA current are Llypical
values in order to obtain good results for measure-
ments on bronzes and silver alloys.

Empirical determination of experimental errors

The evaluation of errors 1in non-destruclive
measurements is made diflicult by many contri-

measurement of a homaogeneous sample with a fixed
geometry, the statistical error can be regarded lo be
the largest source of error,

In addition, two other errors should be eviluated:
(a) the positioning of the sample (including surface
roughness); (b) non-homogeneity of the sample (i.e.
the presence of granular and dendritic microstruc-
lures).

To estimale these errors three experiments were
performed. In the first, a sample (in the form of a
homogeneous ingol) containing 85% of Cu and 5%
of ecach of Zn, Pb and Sn, was measured several
times in a series of daily experiments. We were thus
able to determine the variability introduced by (he
repositioning. Table 1 shows the results of these
measurements.

In a second experiment, on three artefacts the
same point was measured (wice, assessing the error
introduced by the repositioning plus thal due (o the

butions which are not easy to estimate. In a non-homogeneity of the sample (1n fact in this ex-
Table 1. Results obtained by different measurements on a standard sample containing 5% cach of Pb. Zn, Sn. The remaining 85%
was Cu
Zn Pb Sn Fe Cu
stand -] 39 s.s 4.5 02 §5.9
stand|-2 6.2 57 45 0.3 Kid
stand]-3 4.5 %2 49 04 "4 9
stand -4 5.0 4.5 5.9 0.2 844
stand -5 4.2 5.4 5.1 0.1 881
stand | -6 4.7 v | 4.7 0.4 8S |
stand 1-7 5.9 51 5.0 02 K17
stand 1-8 AR} 54 49 0.1 K1y
stand1-9 49 s3 54 0.2 &4 ]
average 5.0 52 5.0 0.24 845
standard deviation 0.9 0.3 0.3 0.12 0.9
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Table 2. Results obtained in examination of three ancient metal artefacts. from two repeat measurements at the same point
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Zn As Sn Fe Ag Sh Cu

63344a.1 is 0.3 1 04 0.1 0.2 831.6
63344a.2 34 0.4 1.6 0.1 0.1 03 83.6
6123441 4.1 0.5 7.8 0.2 - 87.1
61344a.2 4 0.5 8 0.3 - 879
6]300a.1 3.2 ~ 15.1 02 - 2 799
61300a.2 31 04 14.7 04 - = 803

Tablc 3. Results obtained examining four ancient metal artefacts. from repeat measurements at different points

Zn As Sn Fe Ag Sh Cu

63334 39 0.2 2.2 17.1 D2 0.1 0.1 76.1
63131b 16 0.1 2.0 15.7 0.5 0.1 0.1 719
633464 4.7 - 1.1 69 3.5 0.2 83.7
63346b 17 0.2 0.3 108 1.2 = 0.2 838
63346¢ 34 0.4 0.6 11 08 0.1 0.3 83.7
61285a 6.1 . 1o 12.1 0.4 - - 80.5
61285b s 1.3 14.2 0.0 - 9.4
61283a 37 - 1.6 0.8 - 0.2 839
61283b 37 0.3 10.3 02 0.3 0.5 84.7
61006a 7 2.7 10.8 0.4 - 0.2 82.1
61006b 42 0.6 2.3 9.2 0.5 - B33

Table 4. Experimental results obtained by analysing three standard samples, compured with theoretical predictions
Zn Ph Sn Cu

theor exper theor. exper theor exper theor exper.

stand. | 50 49 S0 4.7 S0 s 85.0 853
stand.2 14.0 4.5 8.0 B3 78.0 774
stund 3 - 8.0 % 6.0 6 £6.0 86.6

periment we used an artelact which had an evident
granular microstructure). Table 2 shows the results
of this experiment

In a third experiment we carnied out measure-
ments on different points of four artefacts: the
results of these measurements are shown i Table 3.

Finally, using a set of standard samples tt was
possible to evaluate the accuracy obtainable with
the wsed method: Table 4 shows the results
obtamed using the fundamental parameters method.
Here the errors introduced appeared less significant
than those discussed above.

APPLICATIONS

The transportable equipment  described  above
was used in measurements carried out by a large
mterdisciplinary group of scientists (mainly physi-
cists and chemists, but also including archacologists
and archacometnsts). In these studies an approach
wis developed i which many different techniques
were used (o examime ancient metals. In particular,
the use of EDXRF was combined with the use of
the metallography (Giardino er al., 1996), a tech-
nique which allows study of the microstructure of
the alloys. EDXRF has been apphed. over the fast
3 years, in the analysis of ancient metals from the
following museums:

e Museo Civico of Bolsena on bronzes found ut the
archaeological site of Gran Carro. near Bolsena
lake (Caneva et al.. 1996);

RPC 1 46 N

e Musco Sanna of Sassari. on metal artefacts and
ingots found at three nuragic sites;

e Musco Cwico of Bologna, on bronzes from San
Francesco (Biett Sestieri er al.. 1998);

e Muset Capitolini in Rome. on silver vessels from
Boscoreale:

e Musco Archeologico of Valle Giulia in Rome, on
Etruscan gold from the Castellami collection
(Caruso o7 al.. 1996).

CONCLUSIONS

The use of non-cryogenic detectors and minia-
turised X-ray tubes are viable in non-destructive
EDXRF analysis of ancient metals. As such, trans-
portable EDXRF equipment with favourable
charucteristics can be assembled

With such systems il is possible 1o determine the
composition of metal artefacts and to study their
production technology, also using other techniques
such as metallography (Giardino er al., 1996).
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