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Abstract: Handheld X-ray Fluorescence devices (HH-XRF) have given archaeologists and conser-
vators the opportunity to study a wide range of materials encountered in their work with great
accessibility and flexibility. The investigation of copper-based artefacts is a frequent application of
these instruments in the field of cultural heritage as it gives direct and rapid quantitative results
that can provide very important information about them, such as their fabrication technology. This
paper discusses the comparison of quantitative results, obtained by a commercial handheld XRF
device “Bruker Tracer 5g” on certified standards, compositionally significant in copper-based alloys
of interest in the field of cultural heritage. The measured elemental concentrations were derived
using three different calibrations, which were examined for their accuracy. Two of them were based
on the empirical coefficients approach, performed by the built-in calibration/software (copper alloy
calibrations provided by Bruker manufacturer and the Bruker EasyCal software), while the third one
was performed off-line by processing the spectra with an independent fundamental parameters (FP)
software (PyMca version 5.9.2., a X-ray fluorescence analysis software developed at the European
Synchrotron Radiation Facility). The results highlight that although HH-XRF devices simplify data
collection, for optimal quantitative results, the correct choice of analysis conditions and calibration
method still requires a detailed understanding of the principles of X-ray spectrometry.

Keywords: handheld XRF; calibration; quantitative analysis; copper alloys; cultural heritage

1. Introduction

X-ray fluorescence (XRF) spectrometry is used as one of many analytical techniques
to explain the human past in twenty-first century archaeology [1]. The non-destructive
capabilities of XRF are indeed particularly suited to research in the field of cultural heritage,
where the sample is unique or its integrity has significant technical or esthetic value [2]. In
recent decades, technological developments in X-ray generation and detection have led to
the production and commercialization of different types of portable instruments [3], with
the most widely used being the so-called hand-held XRF devices (HH-XRF) [4]. These
instruments are characterized by highly miniaturized hardware and powerful software
and are capable of qualitative and quantitative in situ analysis, which make them suitable
for work inside museums and conservation laboratories for the characterization of a wide
range of cultural heritage objects.

X-ray fluorescence (XRF) analysis by portable spectrometers has long been applied to
the study of ancient metals for the identification and characterization of different alloys [5,6].
A large category of metal objects that exist in museums but also in the field are copper-based
artefacts, which range from small tools to large-scale statues. Many studies have been
carried out concerning the analysis of ancient and historic copper alloys using portable
XRF spectrometers, including HH-XRF devices [7-12]. The quantitative results provided
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by XRF measurements in a copper-based artefact are very important because the alloy’s
composition can provide researchers in the field of cultural heritage information about the
artefact’s authenticity and fabrication technology.

Quantitative XRF analysis consists of converting the measured intensities of the char-
acteristic radiation into the concentrations of the analyzed elements [13]. Nowadays,
two calibration methods are commonly used: empirical calibration and the fundamental
parameters (FP) approach [14-16].

Empirical calibration requires the use of several standards, whose matrix characteris-
tics are as close as possible to that of the unknown samples. In detail, it relies on algebraic
equations that correlate the analyte concentration in a sample with its measured X-ray
intensity and the coefficients of such equation are determined by least squares regression [4].
The most common methods in use within the class of empirical calibration are Compton
Normalization [17] and Multiple Linear Regression of Lucas Tooth and Price [18,19].

Whereas the fundamental parameters approach is based on the Sherman equation [20],
which is later improved by Shiraiwa and Fujino [21], a contemporary FP-based calibration
is predicated on a system of exact equations correlating measured intensities of the analytes
with their concentrations via the use of fundamental laws, principles, and physical constants
governing the interaction of X-rays with matter [22]. Accuracy depends on the uncertainty
with which the parameters describe the sample spectrometer system [23-25].

Handheld XRF devices offer different approaches to perform calibration procedures [26].
The most rapid and common method is using a built-in general-purpose calibration of mod-
ern alloys, which allows for quick reading of results. However, a question arises regarding
the accuracy of quantitative results in applications like studying archaeological copper-
based artifacts and not modern one. Otherwise, additional calibration software based on
empirical coefficients or the FP approach are used. To perform these calibrations, several
standards are needed and need to be as close as possible to that of the unknown samples.

Obtaining appropriate standards for XRF analysis of cultural heritage material can be
complex, particularly in the case of copper archaeological ancient material due to the wide
range of concentrations found in heritage copper alloys [27]. However, in 2010, a new set
of certified reference materials (CRMs) was developed to assist scientists and conservators
working in cultural heritage fields with quantitative X-ray fluorescence (XRF) analysis of
historical and prehistoric copper alloys [27]. This set of CRMs is known as the Copper
CHARM Set (Cultural Heritage Alloy Reference Material Set).

The HH-XRF devices feature a user-friendly design that can sometimes lead archaeol-
ogists and conservators to view them as “black boxes” without considering some complex
aspects of the calibration and proceeding independently for the material characteriza-
tion [26]. However, this perception can be problematic in interpreting quantitative XRF
data accurately.

For this purpose, this research aims to compare various calibration methods used for
HH-XRF devices to perform more accurate quantitative X-ray fluorescence analysis. The
final goal is to provide guidance to operators on how to perform proper instrument set-up
and calibration before analyzing historical copper alloys. By highlighting the limitations of
built-in calibrations and the importance of selecting appropriate voltage for excitation of
elements, this study can aid in improving the accuracy of quantitative analysis in the field
of archaeometry.

In detail, this paper evaluates the quantitative results obtained by a commercial HH-
XRE i.e., Bruker Tracer 5, on 26 copper-based standards and using three different calibration
procedures. Two of them are based on the empirical coefficients approach, performed by
the built-in software. One was provided by Bruker with the instrument, whereas the other
was a customized calibration that we implemented following the Bruker procedure. The
third calibration was performed off-line by processing the spectra with the fundamental
parameters software PyMCA (version 5.9.2) [28].
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2. Results

The XRF spectrum of the certified reference material B21 is reported in Figure 1 as
an example of the spectra acquired on the 26 standards. The spectrum highlights the
characteristic lines of its alloying constituent elements.
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Figure 1. XRF spectrum of the certified reference material B21 derived from Bruker Tracer 5g. The
characteristic emission lines in XRF spectrum are presented in logarithmic scale.

The R squared and Root Mean Squared Error (RMSE) values obtained from Linear
Regression Analysis on the elements present in copper-based cultural heritage alloys are
summarized in Table 1. Based on the results, the Pymca and Customized Bruker methods
show more accurate calibration, closest to an R squared value of 1 and at the same time to
the lowest RMSE value, compared to the Bruker Built-in method. Specifically, for elements
such as Mn, Fe, Ni, and As, the Pymca approach is the most accurate, while for elements
such as Ag, Cd, Pb, and Bi, the Customized Bruker method provides the best results. Finally,
for elements such as Co, Zn, Ag, Sn, and Sb, both methods show an accurate calibration.

Figures 2 and 3 display quantitative results obtained from the three different cali-
brations for Tin (Sn) and Antimony (Sb), high-Z elements representative and relevant for
studying copper materials. In detail, the graphs (Figures 2 and 3) indicate that the Linear
Regression Line of the Bruker Built-in Calibration has a bias from the bisector. This suggests
the presence of systematically positive deviations from the nominal concentration values,
which means a poor calibration performance. However, we observe minimal deviations in
the calibrated concentrations of Sn and Sb in both Off-Line PyMca and Customized Bruker
compared to the Built-in Calibration.
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Table 1. R? squared and RMSE values obtained from Linear Regression Analysis.

Calibration

Element R? RMSE
Procedure

Off-Line PyMca 0.998 0.007

Mn Customized Bruker 0.953 0.031
Bruker Built-in 0.926 0.029

Off-Line PyMca 0.996 0.015

Fe Customized Bruker 0.982 0.034
Bruker Built-in 0.860 0.092

Off-Line PyMca 0.998 0.008

Co Customized Bruker 0.999 0.005
Bruker Built-in 0.974 0.041

Off-Line PyMca 0.997 0.021

Ni Customized Bruker 0.951 0.085
Bruker Built-in 0.982 0.050

Off-Line PyMca 1.000 0.189

7n Customized Bruker 1.000 0.121
Bruker Built-in 0.997 0.451

Off-Line PyMca 0.996 0.024

As Customized Bruker 0.992 0.031
Bruker Built-in 0.961 0.079

Off-Line PyMca 0.997 0.028

Ag Customized Bruker 1.000 0.012
Bruker Built-in 0.994 0.048

Off-Line PyMca 0.983 0.016

Cd Customized Bruker 0.993 0.012
Bruker Built-in 0.925 0.045

Off-Line PyMca 0.999 0.145

Sn Customized Bruker 0.999 0.122
Bruker Built-in 0.997 0.251

Off-Line PyMca 0.999 0.024

Sb Customized Bruker 0.999 0.025
Bruker Built-in 0.982 0.149

Off-Line PyMca 0.991 0.328

Pb Customized Bruker 0.997 0.217
Bruker Built-in 0.991 0.386

Off-Line PyMca 0.986 0.025

Bi Customized Bruker 0.996 0.017
Bruker Built-in 0.959 0.049
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Figure 2. Linear Regression Analysis on Sn and comparison of three calibration procedures.

Calibration
O Builtin
) Customized
PyMca
~~Built-in
~- Customized
PyMca
-- Bisector

5.001

4.007

(wt.%)

3.001

2.001

Sb_cCalibrated Concentration

1.009

0.007

T T
0.00 1.00 2.00 3.00 4.00 5.00
Sb_Nominal Concentration (wt.%)

Figure 3. Linear Regression Analysis on Sb and comparison of three calibration procedures.

In Figure 4, the Linear Regression Analysis of Iron (Fe), a low-Z element, is underlined.
Here, Iron is considered a low-Z element because it is one of the last detectable elements in
copper materials using our XRF configuration. This is accomplished by comparing three
calibration procedures. From the results, in this case the Built-in Calibration also has a bad
performance, while the other two calibrations have more reliable quantitative results. The
same trend is pointed out in Figure 5, which compares the RMSE values between the three
different calibration procedures on all elements present in the copper-based alloys. Built-in
Calibration has the highest RMSE value for all elements, while the other two calibrations
have lower and comparable RMSE values to each other.
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Figure 4. Linear Regression Analysis on Fe and comparison of 3 calibration procedures.
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Figure 5. RMSE values obtained for all elements present in copper-based alloys.

3. Discussion

As highlighted by Figures 2 and 3, the poor fit of the built-in calibration for Tin (Sn)
and Antimony (Sb) high-Z elements in Tracer 5g can be attributed to the fixed “copper
alloy” set-up characterized by a low voltage of 15 kV (as shown in Table 2). Due to this
low voltage, only the L-lines of Sn and Sb were utilized for the quantitative analysis.
However, the family of L lines of these two elements are in the same energy range, leading
to overlapping and making it difficult to obtain accurate quantitative results. Instead for
the other two calibration approaches, offline PyMca and Bruker Customized Calibrations,
we used a higher voltage to excite the K-lines of Ag, Sn, and Sb. This optimization resulted
in improved calibration accuracy, as shown by the results.
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Table 2. List of 26 certified reference materials (CRMs).

Mass Weight in %
I}\‘,*[f:t‘eer‘l‘;f Supplier Mg Al Si P S Ct  Mn Fe Co Ni Cu Zn As Se Ag cd Sn Sb Te Au Pb Bi
Department of Commerce
1116 Malcolm Baldrige Secretary - - - 0.008 - - - 0.046 - 0.048  90.37 9.44 - - - - 0.044 - - - 0.042 -
(Washington, DC, USA)
31X 7835.8-B4 - 0219 - 0.154 - - 0010 0045 0313 0157 727 2155 0.51 - 0549 0094 0451 0110 0.101 - 322 0101
31X 7835.9-B2 - 0120 0047 0062 0.020 - 0005 0.8 0115 0195 7658 1620 0098 0300 200 0058 161 0460 - - 105  0.900
31X TB5-B6 - 0071 0111  0.025 - 0003 0283 0094 0020 0106 6149 3562 039 - 0216 0490 0129 0229 - - 0575  0.292
32X LB10-G1 - - - 0.003  0.010 - - - 0084 069 7740 0110 0.165 - 0.070 - 825  0.600 0.010 - 125 0.092
32X LB14-G1 - 0.001 0001 0058 0.018 - 0.001 0009 0089 0254 7701 058  0.050 - 0.120 - 563 0075 - - 1542 0720
32X LB17-A4 MBH Analytical LTD - 0.388 - 0.051 - 0001 0296 0488 0008 0465 7483 0634 151 - 0911 0151 597 410 - - 983  0.220
32X PB12-E3 (London, EN, UK) 0003 0007 0010 0172  0.013 - 0011 0032 0014 0221 9329 0546  0.087 - - - 525  0.160 - - 0102  0.057
32X SN5-B1 - 0215 - - - 0023 0528 101 0129 0667 7897 0.604 0.056 - 0095 0130 159 0702 0001 0010 0860 0.124
32X SN6-B3 - 0.059 - - - 0015 0090 0376 075 0295 8573 200  0.804 - 101 0024 678 0304 - 0.003 164 0127
33X GM20-B3 - 0.133 ) 0.060 - ) 0040 0442 0021 0211 8949 1.80  0.300 - 0200 0020 449 241 - - 0294  0.044
33X GM21-B6 - 0175  0.022  0.068  0.064 ) - 0.690 ) 0200 7896 495 0335 0177 0700 0250 450  1.05 - - 740 0.460
33X GM4-AD1 - 0.002 0001 0.003 0.034 - 0001 0093 0001 148 8402 590  0.023 - 0.021 - 3.02  0.057 - - 527  0.044
33X RB2-A3 0.001 0036 0012 0021 0078 0002 0003 0493 0035 0255 8267 914 0021 - 0.003 - 319 0019 - - 385  0.101
Bl4 - - 0110 0700  0.021 - 0014  0.125 - 0302 8680 0175 0.039 - - - 1110  0.072 - - 0.520 -
Centre Technique des Industries de
B21 la Fonderie - 0.130 - 0.004  0.047 - - 0.285 - 121 8305 617 - - - - 513 0.180 - - 3.79 -
B3 (Sevres, FR) - 0.130  0.062 0480  0.046 - 0194 0217 - 153 8025 226 - - - - 1296 0.204 - - 1.65 -
BS836A-2 Brammer Standard Company - 0002 0002 008 0042 - 0001 0025 - 0460 8470 455 0008 - 0023 - 458 0068 - - 5.32 -
(Houston, TX, USA)
NSEZR%_Z - 0.008 0015 0.128 0.045 - 0019  0.354 - 0168 7436 2213  0.168 - - - 163 0.356 - - 0575  0.034
e Bureau of Analysed Samples Ltd.
Nggi%\i[_ . (Middlesbrough, EN, UK) 0008 0040 0039 0053 0023 - 0158 0028 - 0348 9542 0346 0044 - - - 317 0070 - - 0307 -
SS 551 - 0052 0018 101 - - - 0.200 - 0760  87.40  0.740 - - - - 8.92 - - - 0.790 -
SS 552 - 0.023 0019 0770 - - - 0.100 - 0560 87.70  0.350 - - - - 9.78 - - - 0.630 -
British Chemical Standard _ - _ _ - - - - - - - - -
S5 553 Wi nie BN OK) 0017 0022  0.680 0.056 0440  87.00  0.490 10.8 0.470
S5 555 - 0.005 0.036 0.180 - ) - 0.010 ) 0110  87.10  0.160 - - ) - 12.1 - - - 0.240 -
S5 556 - 0.005  0.005  0.100 - ) - 0.004 ) 0014 8640  0.090 - - ) - 132 - - - 0.160 -
Centre de développement des
UZS60 industries de mise en forme del - - 3.72 0.070 - - - 0.470 - 0.490 78.98 15.3 - - - - 0.40 - - - 0.570 -

materiaux (Sevres, FR)
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Regardless of the voltage value, there are cases where overlapping is unavoidable in
Low-Z elements. A typical example is Iron (Fe) (Figure 4). The fact that we have smaller
deviations in the calibrated Iron concentrations in both Off-Line PyMca and Customized
Bruker relative to the Built-in Calibration is because we were able to optimize the results
for that element separately during the calibration procedure. Both external PyMca and
internal Easycal software (PyMca version 5.9.2. and the Bruker EasyCal software) enable
the user to highlight a particular element contribution in order to improve its quantitative
results by inter-element corrections. For example, in the calibration procedure to avoid the
overlapping between the Lead and Arsenic elements, we choose to use in the calibration Pb
Lb1 to avoid the overlap of As Kal, and for the calibration of As we choose As Kb1. Unlike
this, the Bruker Built-in fixed set-up does not allow the improvement of the individual
element, which means that the final results are directly obtained. In Figure 4 and Table 1,
the results clearly indicate a difference in accuracy. The R squared value for the Iron (Fe)
element in the Bruker Built-in Calibration is 0.86, while the other two calibrations have an R
squared value of 0.99 (PyMca) and 0.98 (Customized Bruker) (Table 1). The lower accuracy
of elemental quantitative results observed in the Built-in Calibration across all elements
present in copper-based alloys (Figure 5) can be explained by the fact that general-purpose
standards were used in the calibration procedure rather than specific ones having a similar
composition to cultural heritage copper alloys.

Non-specific and modern reference materials do not provide a complete representation
of the minor elements that are commonly present as impurities in copper alloys found in
historical artefacts. In fact, these elements are either not present or found in lower levels
than those typically observed in copper archaeological artefacts, especially for elements
such as Fe, As, Bi, Ag, and Sb. This highlights the importance of using appropriate
standards for the XRF analysis of historical copper alloys [27]. For this reason, for the
other two calibrations, a set of certified and compositionally significant standards, as they
represented heritage copper-based artefacts, was utilized.

4. Materials and Methods
4.1. Reference Materials

A group of 26 certified reference materials (CRMs), compositionally significant in
heritage copper-based artefacts, was used for the experiments (see Table 2). Part of the
references are from the Charm Set [27], while the others were added to expand the com-
position range, similar to that of ancient copper alloys. For each standard, the uncertainty
values were generated from the 95% confidence interval and in our calibration certified
values of the following elements were used: Mn, Fe, Co, Ni, Zn, As, Ag, Cd, Sn, Sb, Pb,
Bi. The majority of standards were in the shape of a disk, with a diameter ranging from
28 to 55 mm and a thickness ranging from 5 to 17 mm. Moreover, the standards were not
constituted by multilayers but had the same composition, and the single suppliers guar-
anteed their homogeneity through statistical assessment and testing. Based on the article
of Porcinai et al. [29], the subsurface layers that provide 99% of the maximum fluorescent
intensity for the Kx-line of Antimony (the most energetic line fluorescence present in the
copper material) have a thickness of about 210 microns. Therefore, we can assume that
the measurements are conducted under infinite thickness conditions, considering that the
size of the reference is several millimeters. For each calibration procedure, 10 series of
measurements were performed on the whole group of standards, so the data set for each
method separately was made of 260 records.

4.2. Calibration Procedures
4.2.1. Off-Line PyMca Calibration

For the first calibration procedure, we used the Fundamental Parameters software
PyMca [28]. It is a user-friendly program for X-ray Fluorescence Analysis, which has been
developed at the European Synchrotron Radiation Facility, so it is an independent software
from the instrument manufacturer used in this work. Before starting the experiments,
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a study was carried out to find the optimal voltage, current, and primary filtration for
Tracer 5g. Then, we performed 10 series of measurements on reference materials and
collected the different spectra to process and quantify them off-line with PyMca. Once the
quantification had been performed, the spectra were subjected to calibration by Weighted
Linear Regression (WLS) method. Heginbotham et al. [30] have described a protocol for
quantification of heritage copper alloys by ED-XRF with the use of PyMca. However,
we followed a modified method described by a previous study from Konstantakopoulou
et al. [31], where the optimal conditions for Tracer 5g are reported, as well as the detailed
steps for the calibration procedure.

4.2.2. Customized Bruker Calibration

Bruker provides software EasyCal and a detailed procedure for creating customized
calibrations in Tracer 5g based on the empirical coefficients method. According to the pro-
cedure suggested by the manufacturer, before the start of the experiments it was necessary
to choose standards and define the optimal excitation parameters. For this purpose, we
used the same working conditions as those of Off-Line PyMca Calibration. With the use of
EasyCal toolbox, we were able to set up the calibration curves but also to improve them
for every element separately regarding several parameters such as line overlaps, standard
deviation, etc.

After completing all required steps, the Customized Bruker calibration was installed
in Tracer 5g and it was ready to be used. We performed 10 series of measurements on
reference materials and the quantitative results corresponding to the customized calibrated
values were displayed in real time on the device screen.

4.2.3. Bruker Built-In Calibration

There are several built-in calibrations in Tracer 5g corresponding to a variety of
materials. These calibrations are based in empirical coefficients, are pre-installed by Bruker,
and provided through the remote control of the instrument. For this study, we chose the
one named “Copper alloys”.

Compared to the previous two methods, Bruker Built-in Calibration has predetermined
working conditions for Tracer 5g, which cannot be changed and at the same time the
operator has no access to the details of the calibration procedure that has been performed
by the manufacturer. Having these limitations, the only step we followed in this case was to
perform 10 series of measurements on the reference materials. The elemental quantitative
results were provided directly on display without requiring further processing.

4.3. Statistical Techniques

To compare the quantitative results obtained from the 3 different calibration proce-
dures, we performed Linear Regression Analysis, using the nominal elemental concen-
tration as the independent variable and the calibrated one as the dependent variable.
Determining the R squared (R?) for the three different calibrations is a direct and reliable
way to predict the most appropriate model for each element. As a measure of accuracy, we
used the Root Mean Squared Error (RMSE), which is the standard deviation of the Linear
Regression Residuals.

4.4. Instrumentation

This work considers the commercial Hand-Held XRF device “Bruker Tracer 5g”. It has
a Rhodium target X-ray source with a maximum high voltage of 50 kV and 4 W maximum
power consumption but has automatic limitations on the tube current depending on
the high voltage. Moreover, Tracer 5g has an SDD detector, while it is provided with
2 collimators (3 and 8 mm) and 4 filters.

In all calibrations, a collimator with 3 mm beam spot size was selected. This was
deemed necessary as in copper-based artefacts there is inhomogeneity due to the patina.
The working conditions of each calibration procedure are summarized in Table 3.
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Table 3. Bruker Tracer 5g working conditions of each calibration procedure.

Calibration Primary . .
Procedure Voltage (kV)  Current (uA) Filtration Measuring Time (s)
Off-Line PyMca 49 39.3 Al (300 um) and Ti (25 pm) 30
Customized Bruker 49 39.3 Al (300 um) and Ti (25 um) 30
Bruker Built-in 15 23.2 - 30

5. Conclusions

We have observed that the quantitative data obtained through the Built-in Bruker
Calibration for “Copper alloy” shows a significant deviation from the nominal values,
indicating poor performance. We have also shown that customized Bruker and PyMca
Calibrations provide more accurate results for the detection of both high- and low-Z ele-
ments. These calibrations can be combined for quantifying copper-based manufactures.
The customized Bruker Calibration is helpful during field acquisition and immediately
provides quantitative results, while the PyMca Calibration can be used for more detailed
spectrum processing. Therefore, selecting similar reference materials to copper archaeo-
logical artefacts, performing the correct set-up measurements, and adopting an assurance
calibration can help obtain XRF quantitative reliable data. By using the approach described
here to evaluate quantitative XRF data in copper-based artefacts using Hand-Held XRF
devices, we can avoid a simplistic automatic use of the device as a “black box” and prevent
inconsistencies in the quantitative data.
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