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Abstract An ultra-miniaturised (mass 1.5 kg; volume
~22 x 6 x 12 cm®) instrument which combines X-ray
diffraction and fluorescence has been developed for the
mineralogical and chemical characterization of Martian
soils/rocks and was included in the ExoMars-Pasteur pay-
load. The simultaneous in situ acquisition of elemental and
mineralogical information would significantly improve any
robotic missions and may unravel doubtful points regarding
the mantle composition, crustal evolution and resource
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potential. The instrument employs a fixed reflection
geometry to fulfil the diffraction principle which can be
applied to unprepared sample as well. The instrument
basically consists of a radioisotope as source of X-rays and
a CCD-based detection system. This is the first successful
diffraction experiment using a radioisotope since the early
tests in the 60s. For terrestrial application the radioisotope
can be easily replaced with a cathodic tube. The reduced
dimension as well as the possibility to perform non-de-
structive analysis makes it suitable for terrestrial applica-
tions, particularly in the archaeometry field. We are
envisaging an X-ray tomographer to map the mineralogical
and elemental composition of an artefact (i.e., painting,
pottery) directly on the object without sample preparation.
Nowadays, X-ray radiography or computer tomography are
becoming standard techniques widely used and accepted by
art historians, archaeologists, curators and conservators as
these methods enable information about the manufacturing
process and the condition of an object without touching the
artefact or even taking original sample material.

Keywords Planetary instrument - Mineralogy -
Diffraction - Fluorescence - Archaeometry

1 Introduction

The search for life inside and outside our solar system has
fostered the interest of a growing scientific community
around the investigation of space. As a consequence, a
large variety of instruments have been proposed and
developed so far, to acquire all the information required to
address this problem. Nevertheless, the search for life
passes through the unambiguous assessment of the exis-
tence of prolonged periods of standing water (or at least

@ Springer
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other fluids) at the surface or in the subsurface. At the
present, we have no evidence of liquid water occurring at
the surfaces of terrestrial planets in our solar system.
However, many geomorphological evidences suggest that
the occurrence of standing water bodies has characterized
at least part of the history of Mars, thus encouraging us to
pursue the goal of finding signatures of past life in the
Martian environment. In order to have an understanding of
the processes that occurred at the Martian surface and were
responsible for its evolution, the scientific research must
unravel several physical parameters at the landing site, as
the chemical composition of the surface and subsurface.
This requirement is critical to have an understanding of
both the past environmental conditions and the processes
that modified the original conditions. In addition, having an
understanding of the composition of Mars will certainly
improve our knowledge of the origin and evolution of the
whole solar system.

The role of composition, in terms of chemistry and
mineralogy of the surface and subsurface, is fundamental
to develop further assumptions on the evolution of the
present Martian environments. Therefore, several investi-
gations, both from remote and in situ observations, have
been carried out so far. However, one of the most
promising technique for assessing the mineralogical and
chemical composition of the rocks, the XRD (X-rays
diffraction)/XRF (X-rays fluorescence) spectroscopy, has
been implemented only in the last NASA rover Curiosity
mission (Blake et al. 2012; Bish et al. 2014; Vaniman
et al. 2014).

The X-ray diffractometer (XRD) is the routine instru-
ment used in every earth science laboratory to provide the
mineralogical composition of rocks. XRD produces
unequivocal results because it is based on the recognition
of the geometrical properties of the crystal lattice. This
kind of investigation is an extremely useful tool to define
the textural and petro-mineralogic characteristics of rocks
and soils during in situ investigation.

X-ray diffraction technique in various geometrical
configurations (relative to source-sample-detector posi-
tions) is often used in laboratories for textural, petro-
graphic, mineralogical and physical-chemical purposes on
various types of crystalline materials such as powders,
single crystals or thin sheets. The different geometrical
configurations to obtain Bragg’s diffraction are justified
by the large number of applications and resolutions
required.

These data can be integrated with those simultaneously
obtained by elemental analysis (XRF), to determine the
exact chemistry of rock components and to add constraints
for quantitative mineralogical analyses. The XRD and XRF
data can be acquired simultaneously by the instrument and
separated trough appropriate software instructions.

@ Springer

In the frame of the ESA ExoMars mission, an innovative
and advanced concept of combined XRD and XRF
instrument has been developed (Marinangeli et al. 2007)
and gathers the experience achieved in Europe for the
design miniaturisation in the space industries. The instru-
ment prototype consists of a radioisotope (*°Fe) as source
of X-rays, a collimator and a CCD-based detection system.
The instrument is built following a fixed reflection geom-
etry to minimize the sample handling or to allow non-
destructive analyses.

The numerous archaeometric analysis which have been
used till today both for scientific research and for diag-
nostic purposes are mostly invasive methodologies and
needs quite complicated protocols, mainly because of the
choice of representative samples. The main protocols have
mostly a petrographic approach, through thin section
analysis, which are at the moment used in combination
with chemical and/or mineralogical analyses (EDS analy-
sis, SEM, XRD and so on), involving very different labs
and specialists, often not integrating the data and mainly
giving results aiming at research but not suitable for direct
diagnostic purposes.

With the increasing issues concerning a proper conser-
vation and valorization of the archaeological heritage in
Italy and throughout the Mediterranean Basin, it is now
necessary to plan a more integrated non-invasive method-
ology, allowing different typologies of analysis closely
useful both for diagnostic and research purposes. Such
approach could support not only the archaeologists and the
geo-archaeologists, but also restorers, architects, project
managers of the cultural heritage. The interaction among
geologists, archaeologists, geo-archaeologists, architects
and restorers in using this new technique guarantees a high
quality of this multidisciplinary project, as well as a wider
context of fields of application.

The close collaboration with archaeologists working in
Italy, as well as in Egypt, Libya, Albania, France and
Cyprus, also provides a wide range of sample cases, as well
as a complete view of the archaeological finds and monu-
ments which could be suitable for the analysis using the
prototype, also allowing the possibility to understand the
costs in each typology of sample case of application.

Several attempts to make portable XRD/XRF instru-
ments for archaeometry have been pursued in the last
decade; Nakai and Abe (2012) provide a detailed descrip-
tion of different apparatus and highlight the main strengths
of this combined technique in the archacometry field. An
important Italian effort in developing an XRD/XRF
instrument has been described by Pifferi et al. (2009) and
Plescia and Ingo (2005).

We present the main findings of our space prototype
development, MARS-XRD, and the potential future
development for in situ non-destructive archaecometry.
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1.1 The MARS-XRD space prototype

The MARS-XRD prototype was built in 2006 under the
European Space Agency (ESA) ExoMars project (Vago
et al. 2013) and further grant of the Italian Space Agency
(ASI). The prototype consists of an X-ray source that
irradiates the surface of the specimen and a detection
system placed on a circumference (radius 12 cm) at the
other side of the specimen where it “sees” the irradiated
surface (Fig. 1). The configuration chosen for MARS-XRD
is a fixed reflection mode which provides enough versa-
tility and robustness to be easy applicable for in situ
analysis even without sample preparation. Technical
information on the prototype are shown in Table 1.

The industrial phase based on ESA funding was con-
cluded at the beginning of 2007 and allowed the develop-
ment of the first prototype based on the MARS-XRD concept
(Marinangeli et al. 2007). The team included the University
of Leicester for the detector development and the Technical
University of Delft for scientific support while the overall
instrument design, assembly and integration were under the
responsibility of Thales Alenia Space Italia in Milan.

The design of the MARS-XRD breadboard follows a
reflection configuration concept defined on the relative
source-sample-detector positions and consists of the fol-
lowing main subsystems (Fig. 2):

e A collimator holding a >°Fe capsule as source of
X-rays;

e A sample-holder;

e A detector chamber containing n.4 E2 V 42-10 CCDs
arranged along a curved ceramic structure of 12 cm
radius.

The incoming beam has been collimated with a slit
placed at 6 cm from the emitting surface of the source,

Radius = 120 mm

Virtual
source

Sample

Fig. 1 Concept design of the reflection geometry used for the
prototype

while a 3 mm pinhole was placed in front of the source
(Fig. 3). Further evaluation on the optimization of the
collimation system has been performed by Pelliciari et al.
(2011) and the new system is under implementation in the
prototype.

The CCDs array is mounted on a Shapal ceramic sup-
port, thermally controlled by a multistage Peltier cell
(Fig. 4) and encapsulated in an Al chamber maintained
under vacuum condition. The cooling system requires a
water circuit at 15 °C controlled by a minichiller to assure
a working nominal temperature of the CCDs at —50 °C for
an optimal S/N ratio.

All subsystems were mounted on translators to maintain
a high level of flexibility to adjust the optimum geometrical
configuration based on the type of analysed sample.

The ground support equipment also includes the
following:

e the main electronics board;

e a PC with software tool for commanding, data visual-
isation and processing;

e power supplies;

e a vacuum pump;

e a mini-chiller to cool the CCD array.

A few attempts to use an X-ray emitting radionuclide
were performed in the late ‘60s (Preuss et al. 1966, 1967,
Bugenis et al. 1968). This experiment was accomplished
using a *Fe source and the capability to obtain diffraction
patterns from mineral species has been fully demonstrated.
However, due to the lower photon flux emitted by the
radionuclide compared to X-ray tubes, this experiment did
not meet the requirements for further commercialization
and was discontinued. The proven capability of *°Fe to
produce diffraction patterns and its high level of
monochromatism justifies the selection of this radionuclide
as X-ray source for the prototype.

The source has been chosen as result of a trade-off
performed analysing the following parameters:

e level of monochromatism—required to obtain a clean
diffraction pattern;

e end of life (EOL) flux—which should be compatible
with the mission time schedule to assure an appropriate
EOL flux during operation;

e energy of emitted radiation;

e acceptable resolving resolution—based on the capabil-
ities to discriminate the number of diffracted peaks of
quartz contained in the selected 2-theta range for given
wavelength, compared to the lab reference (Cu Ka
radiation);

e environmental protection—to avoid contamination in
the working environment; thus the short half-life
isotopes are preferred.

@ Springer
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Table 1 Main parameters of the MARS-XRD prototype

Parameter Values

Notes

X-ray source

Detector
pixel size: 13 micron
Energy resolution ~20eV
Measured 20 range 6-68
Incoming beam external slit 0.7 x 6 mm
Collimator length 60 mm
Distance slit-sample 25 mm
Spot size on sample surface ~20 x 15 mm

33Fe isotope activity: 2.96 GBq certified emission
(June 2006): 36.7E06 *~' x steradian — '

n. 4 CCD e2v 42-10 active areas: 27.6 x 3.5 mm?

Ka emission corresponding to Mn wavelength;
supplier QSA-Global

CCDs mounted on a circular ceramic structure
of 12 cm radius

Distance from source emitting surface to
external slit

DETECTOR
CHAMBER
SAMPLE HOUSING

e

GONIOMETER

HORIZONTAL

TRANSLATORS COLLIMATOR

MAIN RAIL

o,

HORIZONTAL
TRANSLATORS

VERTICALI
TRANSLATORS —

Fig. 2 From design to hardware a mechanical design of the main
sub-systems; b close view of the prototype with the main subsystems:
detector chamber (leff), sample holder (centre) and collimated source
(right)

For planetary exploration purposes as well as in situ
open site analyses, the limitation of power resources is a
rather critical issue and thus, the use of a self-emitting
X-ray source would result in significant power savings.
Though this issue is also important for the terrestrial
application in terms of portability and miniaturisation, the
radioactive power source can be easily replaced with a

@ Springer

small cathodic tube. This replacement would not strongly
modify either the acquisition chain or the data processing.

A major result of the MARS-XRD breadboard (BB)
development and evaluation regards the innovative geo-
metrical arrangement of the instrument and the use of a
curved detection system that substitutes the typical
goniometer movement of the detector in lab instruments.
The breadboard has been evaluated to assess the best XRD
configuration for the flight model to test the data handling
procedure and the scientific capabilities.

Figure 5 shows the typical geometrical arrangement
used for the analysis.

The MARS-XRD breadboard fully demonstrates the
feasibility of simultaneous acquisition of fluorescence and
diffraction spectra. This makes an instrument like MARS-
XRD a complete instrument for in situ rock analysis
because it can provide both the mineralogical and the
chemical composition of a sample.

The fluorescence spectrum is acquired simultaneously
with the diffraction pattern, displayed on the monitor in
real time during the analysis and saved as separate files.
The spectrum is acquired for each CCD at the same time. It
should be considered that the use of the > Fe wavelength
(2.1 A) produces a systematic broadening of the diffraction
peak compared to the Cu wavelength (1.54 A) commonly
used in the lab equipments. The broadening related to the
wavelength, affects negatively the real angular resolution
of the acquired patterns with MARS-XRD prototype.

A complete measurement cycle consists in the acquisi-
tion and integration of data for several hours. XRF and
XRD data are acquired simultaneously and the separation
of the two types of information is achieved via software.
The instrument is able to analyse samples as fine powders
or pristine surface with a clean and smooth cut. The latter
option is applicable to analyse paintings or ceramics
without sample preparation. A number of measurements
have been acquired on soils/rocks and compared with
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Fig. 3 Details of the collimator
used for the prototype testing

e = -

Peltier
cell

Fig. 4 CCDs array of the detector chamber

Fig. 5 The geometrical set-up
used during the experiment

250 mm

FIRST APERTURE

=]

SECOND APERTURE

measurements acquired using standard commercial instru-
ments to define the instrument detection limits and accu-
racy. Further tests on pottery as well as a field demo are
planned in the next future.

Figure 6 shows a comparison of a XRD pattern of a
basalt standard (SRM688) acquired with a lab instrument
and the prototype, as well as an XRF spectrum acquired
with the prototype. The standard was provided already as
fine powder. We did not use the same prepared sample for
both analyses; thus there may also be some differences in
the XRD pattern due to the different orientation of min-
erals. The SIEMENS D5000 lab instrument mounted a
1-mm slit either for the incoming and outcoming beam.
The prototype was set in the configuration shown in
Table 1 and Fig. 5. The duration of the analysis was

S

surface of I/F between
— array holder and
[2 translation device
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Fig. 6 XRD and XRF acquisition of NIST standard SRM688. a XRD pattern acquired with a Siemens D5000 apparatus. b XRD pattern acquired

with the prototype. ¢ XRF spectrum acquired with the prototype

about 1 h for the lab equipment and 4.5h for the
prototype.

The difficulties in analysing the light chemical elements
is due to either some unclear high noise level of some of
the CCDs and the effect of Mylar® filter plus air absorp-
tion. The detection chamber has a 20-um Mylar foil on the
front window to maintain the vacuum inside the chamber.
We concluded that the very low transmittance of the
Mylar® filter below 2 keV (<1 %) prevented the clear
identification of the light chemical elements in the XRF
mode, while it does not influence the XRD mode at the 5.9-
keV emission of >Fe.
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In order to better understand the capabilities of the
concept design in acquiring the XRD and XRF data of non-
prepared samples, we also performed some tests with a lab
SIEMENS D5000 instrument. The D5000 instrument
mounted a 1-mm slit for both the incoming and outcoming
beams and the rotation of the sample was stopped. This was
necessary to understand the effect of the preferred orien-
tation of the crystals on the unprepared sample, though the
overall quality of the diffraction pattern of the powder in
this set-up is not as good as nominal performance. We
prepared slices of basaltic rocks (A20) collected in the
Andes with different surface roughness, the XRD patterns
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are shown in Fig. 7. The sample was aligned to the sample-
holder using a micrometer to limit the potential out of
focusing of the sample. However, some scattering due to
the high roughness of the sample was likely responsible for
the spikes visible at low 20 on diffractogram (4) of Fig. 7a,
whereas other very intense peaks on diffractogram (4) and
(5) of Fig. 7a were likely due to the presence of large
plagioclase crystals on the sample surface. Figure 7b
shows a reference acquisition acquired with the D5000
instrument with the optimum power supply of the tube and
rotating sample.

The comparison of the patterns shown in Fig. 7a indi-
cates that there is a good agreement between the D5000

Fig. 7 a SIEMENS D5000 120

XRD patterns (raw data, no
filters applied), performed at
20 kV and 5 mA for 12 h, not

and prototype measurements with promising outcome for
future development.

1.2 Toward an X-ray tomography
for archaeometric application

The term ‘tomography’ nowadays is used for a wide range
of 3D imaging methods, not just for those based on
radiographic projections. In tomography, the 3D image of
an object is obtained in a non-destructive manner by the
transmission of the X-ray beam through the sample in
several different directions. Investigation of the radiation
changes upon interaction with the matter of the sample
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2) A20 fresh cut, smooth surface - BB
—3) A20 altered, rough surface - D5000

rotating sample, on slices of
sample A20 with different
surface roughness and alteration
level. The fine powder
acquisition was done in the
same set up but completed in
about 1 h. The lack of strong
peaks in pattern (3) is likely due
to the removal of crystals on the
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allows various physical property changes to be investi-
gated. The physical properties that can be characterized
may vary, but the projection requirement assumed states
that the signal used for tomographic reconstruction is a
monotonic function of a projected physical property. The
result of the tomographic reconstruction is a 3D map of the
investigated physical property. Tomographic methods that
create a 3D image using a more complex signal than a
simple projection extend the original meaning of
tomography.

Tomography performed using X-ray fluorescent radia-
tion requires to scan the sample sequentially using a small
focused beam to avoid the information from different
regions of the sample being convoluted irreversibly.
Fluorescence tomography is based on the signal produced
on an energy-sensitive detector, generally placed in the
horizontal plane at some angle with respect to the incident
beam caused by photons coming from fluorescence
emission. So far, a number of setups have been designed
to acquire X-rays fluorescence tomograms of several
different sample types. The X-ray imaging and analytical
techniques allowed archaeologists to recognize the tech-
niques of manufacture and thus contribute to the overall
knowledge of the societies that produced the artefacts,
and to the broader understanding of the history of tech-
nologies (Tarquini et al. 2012). The authors were able to
identify objects in soils with great detail. Applbaum and
Applbaum (2005) showed how the X-ray CT imaging, a
totally non-destructive research tool, allowed them to
view and actually read the inscriptions on the inner tablets
from UR III period, which were sealed in clay envelopes.
So far X-ray tomographic investigation has been suc-
cessfully applied to the study of mineral inclusion still
trapped in a mineral host phase. Modern X-ray tomog-
raphy performed to a resolution as high as 0.1-0.3 mi-
crons can in fact provide crucial information about
mineral phases associations, their spatial distribution and
their stress state (i.e., cracking system that cause pressure
to be released, see Nestola et al. 2012; Angel et al. 2014,
2015).

In its flight model configuration, the MARS-XRD
instrument represents the smallest XRD/XRF instrument
ever developed. Based on the experience gained with the
space prototype both for the instrument design and data
reduction, we propose as evolution of the current proto-
type for terrestrial application an X-ray tomographer to
map the composition of the artefacts. The instrument will
be able to work simultaneously both in XRD and XRF
modes. To enhance the instrument performance mostly in
the XRF spectrum (including the Fe identification) and its
portability, we plan to replace the isotopic source with a
commercial cathodic tube with Cu target. This change
will have limited effect on the data acquisition chain but
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will increase the weight and power consumption of the
apparatus, which is not so critical in terrestrial
application.

2 Conclusions

We described the main findings of a space prototype
development for a combined XRD and XRF instrument
developed under the ESA ExoMars mission framework.
The prototype in its final “flight configuration” represents a
very high level of miniaturisation with its 1.5 kg mass.
Based on this result, we briefly discussed the potential
developments of a non-destructive, in situ archaeometric
analysis which may be adapted toward an X-ray tomog-
raphy approach.

The possible applications in the field of the cultural
heritage of a non-invasive technique is certainly extremely
interesting and particularly important for the Italian con-
text, which includes numerous specific fields, such as
archaeological remains and finds, architectonic monu-
ments, artistic paintings, sculptures and other ancient and
quite delicate artifact.
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