
Vol.:(0123456789)1 3

Rendiconti Lincei. Scienze Fisiche e Naturali (2020) 31:443–453 
https://doi.org/10.1007/s12210-020-00903-z

NON-DESTRUCTIVE TECHNIQUES FOR CULTURAL HERITAGE

X‑ray applications and recent advances @ XLab Frascati

S. B. Dabagov1,2,3 · D. Hampai1 · V. Guglielmotti1 · G. Cappuccio1 · E. Capitolo1 · Yu Gladkikh4

Received: 5 November 2019 / Accepted: 17 April 2020 / Published online: 13 May 2020 
© Accademia Nazionale dei Lincei 2020

Abstract
XLab Frascati is a facility open to external users for different X-ray analyses, ranging from structural studies through X-ray 
diffraction to elemental mapping by means of µX-ray Fluorescence, colour tomography and X-ray imaging studies. This is 
possible thanks to our experimental layouts XENA (X-ray Experimental station for Non-destructive Analysis) and RXR 
(Rainbow X-Ray) along with our facility for the production of polycapillary optics. The know-how on these optics enable 
us improving the performances of our setups by adopting the best fitting X-ray optics according to the experimental require-
ments. To make an example, the main advantage of RXR is that the detection system includes two spectrometers working in 
high (arranged in the polycapillary confocal geometry) and low X-ray energies,, respectively, permitting both the 2D µXRF 
scan and 3D µXRF elemental mapping (colour tomography) due to the confocal geometry with a 3-axis fine motion system. 
The article showcases the results obtained in key case studies where we performed: (i) 2D/3D µXRF to analyse chemical 
composition of tree rings with respect the influence of the environmental context, to study a “fresco” fragment and assess 
the presence of damages, to make a 3D reconstruction of a screw encapsulated in glue through the its elemental composition 
as well as (ii) X-ray imaging and (iii) µCT/dynamic CT to characterize LiF detectors, to study the structure of a flower bud 
and to evaluate the profile distribution of a diesel spray from the nozzle.

Keywords  X-ray imaging · microXRF · Polycapillary optics · Mapping

1  Introduction

For the past 15 years, at the Laboratori Nazionali di Frascati 
(LNF–INFN) a team of researchers has been focused on the 
study of X-ray optics, in particular polycapillary optical ele-
ments, being involved in several national and international 
projects and collaborations. The result of this research activ-
ity resulted in the setting up of the XLab Frascati (XlabF) 
laboratory, officially inaugurated in the year 2010, and that 

was aimed at the characterization of novel optics (in par-
ticular polycapillary optics) and the building up of differ-
ent experimental schemes for various X-ray applications 
such as X-ray diffraction (XRD), X-ray fluorescence (XRF) 
and total reflection X-ray fluorescence (TXRF) and X-ray 
imaging. The term “X” in the XlabF abbreviation does not 
just indicate the name of the radiation, but it also repre-
sents a crossroad of interactions: XLab Frascati is involved 
in a number of projects (UA9-LUA9, GEMINI, POSSO, 
MicroX, POLYX, NANORAY, GMINUS2) within col-
laboration programs (Universities, Research Institutes and 
industrial partners) focused on shaping up charged and neu-
tral particle beams by means of various techniques such as 
crystal channeling, channeling in laser and plasma fields, 
capillary/polycapillary optics.1 Thanks to the experimental 
setups available at XLab Frascati that are currently open to 
the users, we offer the possibility to perform both elemen-
tal and structural studies based on the application of the 
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1  PolyCapillary optics (also named PolyCO) are glass-based optical 
devices (lenses and/or semilenses) composed of millions of micro 
(or submicron) channels, in which the trapped radiation is efficiently 
transmitted by multiple reflections, thus allowing the user to obtain a 
focused or parallel brilliant X-ray source.
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aforementioned X-ray optics in several fields such as cultural 
heritage, innovative materials, medical diagnostics, phar-
macology, beam diagnostics, detectors characterization, to 
name a few. In addition, XlabF has the unique capability to 
realize polycapillary optics, thanks to the presence of the 
Polycapillary Technopolo “XChannel” located within the 
INFN National Laboratories of Frascati and completely 
dedicated to the complete manufacturing of lenses and semi-
lenses from raw materials and their characterization in terms 
of X-ray transmission and gain. In this respect, the estab-
lished expertise and the know-how of the XlabF researchers 
on polycapillary optics enables us to design and produce 
customised optics as well as the development of new instru-
mental prototypes and new X-ray desktop facilities for car-
rying out advanced studies following the user requirements. 
The paper will show the main results obtained with classi-
cal X-ray techniques (XRD, XRF, X-ray Imaging and X-ray 
computed tomography) composed by polycapillary optical 
elements and, in particular, the advances for the analysis of 
low-contrast samples like biological specimens and injection 
sprays from engine’s injection devices.

2 � Research activities and facilities available 
@ XLab Frascati

The main research activities performed at XlabF are focused 
on X-ray analysis by means of desktop techniques, mostly 
based on polycapillary optical elements, and on theoretical 
studies of charged and neutral particles interactions in different 
fields, especially concerning channelling, the field of physics 
that studies the path of charged particles or electromagnetic 
radiation inside regular structures such as crystals, for instance. 
In particular, our laboratory equipment is dedicated to sev-
eral applications ranging from the analysis of micro–macro X 
fluorescence (traditional, confocal, total external reflection) 
applied on Cultural Heritage and Geological samples to X-ray 
diffraction applied to the examination of materials as well as 
temporary experiments and testing systems for the design of 

new detectors and study of imaging techniques along with 
X tomography projects. Presently, there are two facility sta-
tions—XENA and RXR—that are open to users and allow the 
combination of different elemental and imaging techniques 
with the purpose of obtaining a complete X-ray analysis of 
the sample under investigation. XENA (X-ray Experimental 
station for Non-destructive Analysis), that is operative since 
2004, is a facility dedicated exclusively to imaging, tomog-
raphy and characterization of X-ray devices such as novel 
sources such as cold cathodes for X-ray generation based on 
carbon nanotubes and nanostructures (NANORAY 2011), 
optics (Hampai et al. 2009)—diffractive crystals (Gogolev 
et al. 2015a) and vibrating systems (Liedl et al. 2015)—as 
well as detectors (Gogolev et al. 2015b). Our layout is based on 
the combination of three X-ray Oxford Apogee tubes (W, Mo 
and Cu anodes), a set of mechanical components and motors 
for lens alignment and scanning, and an optical table provid-
ing many geometrical setup possibilities. RXR (Rainbow 
X-Ray) is an optimized system of previous versions (Hampai 
et al. 2008, 2014, 2018) dedicated to performing 2D/3D XRF 
micro-imaging and TXRF (Total Reflection X-ray Fluores-
cence) analysis. It is equipped with two detectors of different 
energy efficiency aiming at measuring a full spectrum ranging 
from 800 eV to 25 keV. RXR typically works in confocal mode 
where the source is coupled with a full-lens while both the 
detectors are combined with dedicated half-lenses. Further-
more, RXR is equipped with an (optional) vacuum chamber 
enabling the user to carry out measurements in the low-energy 
range, as required in specific cases, and to insert a polyCO 
(polyCapillary optics) when TXRF analysis is performed. In 
Table 1, we give an overview of the key characteristics of the 
XENA and RXR facilities that are currently running at XLab 
Frascati.

Table 1   The features summary 
for the XENA and RXR 
facilities

Type of analysis Technique resolution

XENA High-resolution imaging  < 1 µm (with LiF detector)
µCT  < 17 × 17x17 µm3 (CT with spatial resolution CCD cam-

era of 10.4 × 10.4 µm2)
X-ray optics characterization
Detector characterization
Novel sources (i.e. cold cathodes 

for X-ray tubes)
RXR µXRF 2D mapping < 80 × 80 µm2

µXRF 3D mapping < 80 × 80x80 µm3 (step resolution combined with polyCO)
TXRF 25 ± 1.25 ng/g concentration
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3 � X‑ray fluorescence (XRF) case studies

To show the RXR potentialities, we describe three appli-
cation scenarios where we performed XRF studies to 
determine the presence of specific chemical elements 
with respect to their concentration and position within the 
samples and to make 3D reconstruction of a solid object: 
(a) analysis of tree rings to evaluate the influence of envi-
ronmental context, (b) the study of a “fresco” fragment 
to assess the presence of damages and (c) the 3D-µXRF 
reconstruction of a screw encapsulated in glue based on 
the elemental composition.

3.1 � Tree rings analysis

Several natural archives may provide unaltered records of 
environmental and climatic information at different time 
scales dating back up to several hundred thousand years: 
marine sediments (Bostick et al. 2005; Moy et al. 2011), 
stalagmite conformations (Polyak and Asmerom 2001), 
tree rings (Bernini et al. 2016) and deep ice cores (Petit 
et al. 1999; Community Members EPICA 2004; Maggi 
1997) to name a few.

For instance, the analysis of tree rings is a powerful 
historical ecology tool due to the inter- and intra-annual 
responses of the radial growth to local climatic variations. 
In particular, the study of correlation and response func-
tions among tree rings with monthly/weekly climatic fac-
tors have been successfully assessed during the past years. 
Moreover, dendrochemical analyses have shown the pos-
sibility of detecting the accumulation of contaminants and 
pollutants in wood samples during the time (Bernini et al. 
2016; Filippo et al. 2007).

In this respect, measuring the chemical component con-
centrations in tree rings has powerful implications both for 
biological and ecological studies. In fact, information on 
the spatial/temporal distribution within woody tissues of 
chemical elements (such as Ti, Ca and K) that are consid-
ered both key components of wood cells as well as nutri-
ents involved in basic physiological cellular processes, can 
provide deep insights into how trees allocate nutrients in 
their tissues according to species, age, or other different 
environmental contexts.

In addition, the capability of trees to store in their 
annual rings both inorganic (e.g. lead) and organic (e.g. 
HCH) pollutants can provide an ex post monitoring tool to 
quantitatively reconstruct the time dynamics of pollution 
over a territory (Bernini et al. 2016; Sawidis et al. 2011).

We mention here the results we obtained during the 2D 
µXRF mapping of a set of samples from different species 
belonging to both conifers and angiosperms. In particular, 

we set up a preparation procedure for analysis for the entire 
core and for a slice with a thickness of around 500 µm that 
was based on making acquisition by using 100 × 100 µm2 
steps with 10 s/step acquisition time.

In Fig. 1 we depict, by a three-colour scale, the localiza-
tion of high Z elements such as Ca, Ti and of K, as they are 
all basic elements normally present in wood. In particular, 
the red and blue areas representing Ca and Ti, respectively, 
reproduced the sequence of different bands of earlywood and 
latewood due to their perfect match with their occurrence in 
tree rings when compared to the optical image of the studied 
sample. These findings are a confirmation of the location of 
these chemical elements, as inclusions present in the tree 
rings analysed, on a temporal scale as rings are normally 
used to date trees.

3.2 � Fresco fragment study

We performed a set of tests on an archaeological sample, i.e. 
a “fresco” fragment, coming from a villa of the late nine-
teenth century (Fig. 2a). To carry out these measurements, 
we analysed a surface of 20 × 20 mm2 with measurement 
step ∆x = ∆y = 250 µm (Fig. 2b), an acquisition time of 5 s/
step, using an X-ray source of Mo (35 kV and 800 µA).

In Fig. 2c we show the fluorescence analysis we recorded, 
where the intensity of each pixel is obtained through the 
integration over a limited range of the spectrum from 1 to 
15 keV.

The intensity values are represented by a rainbow colour 
scale and, although we used big steps, it is clearly evident 
that the pattern in the image of Fig. 2b (obtained at visible 
frequencies) is completely reproduced by the XRF map.

Moreover, the Fig.  2d and e depict the µXRF map, 
through the RGB scale, obtained by collecting the intensity 
related to three selected elements such the triplet Ti/Fe/Co 
and Mn/Zn/Cu, respectively.

In particular, Fig. 2d highlighted the strong presence of 
Ti and Fe while the Co is likely to be scarcely present and 

Fig. 1   Section of the 2D mapping µXRF. Both Ca (red) and Ti (blue) 
reproduce, in terms of their spatial accumulation, the time sequence 
of tree rings as visible in the optical image indicated by the red 
arrows (Cappuccio et al. 2018)
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hence difficult to be visually recognised. At the same time, 
Fig. 2e allowed us to deduct that ochre colour of the Greek-
fret recognizable in the visible region, is mainly composed 
of Zn, while the presence of Mn and Cu cannot be excluded.

Moreover, from the comparison of the optical image of 
the sample with the RGB image of the Fig. 2d, we evidenced 
the absence of Ti in the outermost layer located in the upper 
part of the mapped sample (as indicated by the white arrows) 
that lead to the hypotheses of damage caused during the 
extraction of the sample from the its original location.

We may also infer that, under construction, the red paint-
ing composed mainly by Iron, was applied onto the base 
before the application of the subsequent colours.

3.3 � 3D reconstruction and elemental recognition 
of a hard‑metallic sample

Conventional X-ray tomography techniques allow getting 
three-dimensional reconstructions, even of large objects, 
with sub-millimetre resolutions by keeping high contrast 
also for those objects composed by various inclusions 
characterized by very different density. However, the 

information obtained are mostly morphological without 
any elemental data easy to access. At the same time, since 
conventional micro-fluorescence instruments do not utilize 
a confocal scheme, no bulk information, morphological 
and elemental data are provided.

In this respect and thanks to the ellipsoidal spot of 
about 80 ÷ 90 µm, RXR enables the user in getting 3D bulk 
information. In order to show the confocal geometry capa-
bilities as well as to discriminate volumes characterized by 
different densities and composition, we have investigated 
a sample including a hard-metallic piece surrounded by 
a soft solid medium: we have prepared a sample defined 
by a screw encapsulated in a drop of ethanol and methyl 
acetate glue.

Unlike a classical tomography approach (i.e. CT scan), 
3D-µXRF reconstruction has been performed collecting 2D 
scans on different sections along the axial direction. During 
our measurements a total volume of 4.1 × 4.1 × 2.1 mm3 was 
probed with a step of 100 µm (∆x = ∆y = ∆z) and an acquisi-
tion period of 5 s/step.

As an example, in Fig. 3 the images of two different layers 
have been compared: the first was taken in the lower part of 

Fig. 2:   2D-µXRF mapping analysis of fresco fragment from a 
late nineteen Villa: a Image of the sample; b The scanned area; 
c 2D-µXRF scanning maps: analysed area of 20 × 20  mm2, step 
250 × 250 µm2, acquisition time 5  s/step, X-ray source Mo (35  kV, 

800 µA); d and e By means of inverse colours the elements present in 
a sample are highlighted (the triplet Ti/Co/Fe and the triplet Mn/Zn/
Cu) (Hampai et al., 2017). The white arrows indicate the region of Ti 
absence probably due to damage caused during the sample extraction
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the sample volume while the second was collected in the 
region corresponding to the screw end.

As clearly visible, the scan performed was able to reveal 
three regions depicted through a grey-scale of the X-ray 
intensity: the first two are due to the fluorescence of the 
metal screw embedded in the glue (white area) and the radia-
tion scattered by the soft matter (grey area), while the third 
is a set of regions with no signal registered and that were 
associated with the presence of air bubbles trapped during 
the curing process of the glue (black areas).

As anticipated 3D XRF technique allows the recogni-
tion of specific elemental contributions when compared to 
tomography and Fig. 4 perfectly demonstrates this advan-
tage: we can recognize the iron contribution outlined in red, 
the external surface of the scattered beam in yellow and 
the internal surface of the sample in grey through the 3D 

rendering. In addition, this “elemental” visualization, with a 
spatial resolution of 100 µm, clearly highlights the presence 
of bubbles (indicated by the two arrows “a”) formed during 
the curing process of the glue while arrow b indicates the 
presence of the screw.

4 � X‑ray based techniques and analysis 
of case studies

The following paragraphs summarize the results obtained 
with the application of X-ray analysis on different case stud-
ies through the use of our XENA facility. In particular, we 
focused on three key techniques that were implemented and 
optimised thanks to the use of polycapillary optics such as 
X-ray imaging, micro computed tomography (µCT) and 
dynamic computed tomography (dynamic CT).

4.1 � X‑ray imaging

X-ray imaging techniques play a crucial role in understand-
ing the microscopic world: the impressive improvements in 
all three key elements, X-ray sources, optics and detectors, 
which form the basis of this technology, make it a powerful 
tool in life science (Kirz and Jacobsen 1995) and biology 
(Cotton et al. 2015), as well as in materials science, indus-
trial and medical applications.

With the advent of synchrotron sources, sophisticated 
X microscopy configurations based on projection methods 
have been exploited to overcome the poor spatial resolution 
of the standard X-ray imaging detectors, like CCD cameras. 
However, the development of laboratory table-top X-ray 
microscopy systems dedicated to X-ray imaging is highly 
desirable.

In this respect, novel LiF-based X-ray imaging detec-
tors have been proposed and tested for soft X-rays (up to 
1–1.5 keV) (Bonfigli et al. 2007; Baldacchini et al. 2003) 
and for hard X-rays (up to about 8 keV) (Almaviva et al. 
2006) given their peculiar feature. In fact, they possess 
very high spatial resolution over a large field of view, wide 
dynamic range, versatility and simplicity of use and sen-
sitivity of the optical fluorescence reading technique, thus 
making them very promising and attractive for X imaging 
applications and the development of easy-to-use (table-top) 
X-ray microscopy systems (Fukuda et al. 2008).

The intrinsic spatial resolution of the LiF-based imaging 
plate is related to the physical dimensions of point defects, 
better known as colour centres (CCs) that are comparable 
with atomic scale (about 1 nm), although it is limited by 
the optical microscope characteristics and the fluorescence 
detection technique utilized in the reading system.

In this respect, the combination of polycapillary lens and 
fine-focused micro X-ray tube (with a source spot size less 

Fig. 3:   2D scan of a metal screw encapsulated in the glue. a The first 
layer refers to the lower volume of the 3D scan and b the second layer 
has been obtained by scanning slightly below the top surface of the 
screw. Images clearly show three different regions: a high fluores-
cence due to the presence of the metal screw (white area), a region 
associated with the primary radiation scattered by the glue (grey area) 
and a signal-free region (black area) (Hampai et al. 2018)

Fig. 4:   3D reconstruction section of a screw encapsulated in the glue: 
the arrows a identify two air bubbles trapped during the curing pro-
cess of the glue while b identifies the location of the screw (Chang 
et al. 2001)
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than 50 microns in diameter) can provide the high-intensity 
radiation flux adequate to perform a very high-resolution 
imaging of a sample. In comparison to a pinhole (Chang 
et al. 2001), an optimized “X-ray source-optics” system can 
result in radiation density gain (the ratio of X-ray intensities 
with and without the optics at the focal spot) of more than 3 
orders of magnitude (Dabagov 2003; Hampai et al. 2007).

As an example of this powerful technique, we report the 
results obtained on a sample made of a doubly polished 
fragment of a magnesium-hastingsite amphibole, a com-
plex rock-forming silicate with the ideal composition NaCa2 
(Mg4Fe3+) (Si6 Al2) O22(OH, O)2. This specimen typically 
occurs in nature as megacrystals within a gabbroid pluton 
from Fuegian Andes (Argentina) and displays abundant 
pseudo-secondary and primary fluid inclusions (Liedl et al. 
2015). FTIR (Fourier Transform InfraRed spectroscopy), 
EMP (Electron MicroProbe) and textural analyses of the 
primary fluid inclusions indicate the presence of CO2 and 
tiny magnetite crystals (Ridolfi et al. 2010).

Figure 5 shows the details extracted from our analy-
sis performed on the sample: Fig 5a shows the images of 
the sample, directly obtained by the optical microscope 
under white light illumination in transmission mode while 
Fig. 5b shows its X-ray micro-radiography stored in a LiF 

crystal and read by the CLSM (Confocal Laser Scanning 
Microscopy) in fluorescence mode.

Higher absorbing areas in the optical and X images (1) 
could be assigned to magnetite (that is mainly composed 
of Fe3+

2 Fe2+O4), which is known to be finely dispersed 
within the crystal, while transparent structures in the X 
image (2), absorbing in the optical image, could be due to 
fluid inclusions containing CO2 and/or H2O which have 
been identified by FTIR microspectroscopy (Ridolfi et al. 
2010). Moreover, in the X micro-radiography, several 
absorbing dots present brighter rims, as shown in the mag-
nified image in Fig. 5c and Fig. 5d reports the intensity 
profile along a dark dot with a bright rim (line L) with the 
corresponding FWHM of the dark-dot profile.

The plot indeed evidences the different X absorption 
properties between the dark structures and their edges, a 
peculiar feature which is not resolved in the optical images. 
In the LiF-based X-ray micro-radiography (Fig. 5b) few 
mechanical scratches on LiF crystal surfaces are present, 
due to the polishing procedure. Good-optical-quality LiF 
film-based detectors (Montereali 2002) overcome this dis-
advantage and allow to collect better-quality and artefact-
free fluorescence images (Montereali et al. 2010).

Fig. 5   a Optical image under 
white light illumination in trans-
mission mode of a doubly pol-
ished fragment of a magnesium-
hastingsite amphibole (sample 
2); b and c X-ray radiography 
stored on a LiF crystal and read 
by the CLSM in fluorescence 
mode; d Shows the intensity 
profile along a dark dot with 
a bright rim (line L) with cor-
responding FWHM of the dark 
dot prole (Hampai et al. 2011)
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4.2 � Micro X‑ray computed tomography (µCT)

In this experiment, we report the results obtained to recon-
struct a flower bud through the X-ray micro-tomography 
technique.

The X-ray tomography test bench was composed of a 
radiation source, an Oxford Apogee 5000 tube (Cu Ka), with 
a source spot of about 50 × 50 µm2 and power of 50 W, a 
Photonic Science CCD (FDI 1:1.61) with a pixel resolution 
of 10.4 × 10.4 µm2 and a Newport micrometre positioner 
xyzϑ.

To obtain a rather small radiation divergence, which 
allows getting a very small blurring effect, we have used a 
polycapillary semilens.

As known, any lens is characterized by a residual diver-
gence responsible for the resolution of the image to be 
reconstructed by microCT and to estimate that, we consider 
that the sample dimension ∆X0 is reproduced at the detector 
as ∆X, so as the effect can be estimated as |∆X − ∆X0|/lΔθ, 
where l is the distance from the sample to the detector. As a 
result, to reach the highest resolution it is necessary either to 
use the optics with the small residual divergence, or to place 
the sample as close as possible to the detector.

We reached 15 microns (comparable with the CCD reso-
lution) as the minimum allowed resolution since the used 
semilens had a residual divergence of 1.5 mrad and the sam-
ple was placed about 15 µm from the detector because of 
the physical dimensions of the stage rotation (Hampai et al. 
2009, 2011).

We used as experimental parameters a CCD exposure 
time of 250 ms, in order to avoid CCD saturation, while the 
sample was positioned on the xyzϑ micro-positioner and 
step rotated by 0.5° per image, for a total of 720 projection 
images, with a rotation velocity was 0.5 s−1 for a total expo-
sition time of 720 s.

In addition, to reduce the noise effects a background 
subtraction has been performed by the image acquisition 
software (Image-Pro Express). The reconstruction work is 
separated into two stages: the conversion of the projection 
images into the slice images (Octopus code) and the render-
ing process (Amira code). In Fig. 6, a 3D reconstruction 
with a corner cube cut is shown. The onion-geometry of all 
biological layers is clearly seen (Hampai et al. 2013).

4.3 � Dynamic computed tomography (DynamicCT)

First studies concerning dense sprays investigation by means 
of X-ray absorption techniques date back to the 80s. In 1984 
Gomi and Hasegawa (1984) estimated the mass distribution 
of the liquid phase in a water/gaseous nitrogen spray by the 
X-ray absorption method. Recently, synchrotron radiation 
source (SRS) absorption-based techniques have been applied 
to investigate high-dense regions of the fuel sprays providing 

quantitative measurements of the fuel mass (Im et al. 2013; 
Kastengren et al. 2008). X-rays penetrate the dense part of 
fuel spray because of their weak interaction with the low 
Z hydrocarbon chain. X-ray radiography and tomography 
have been used to investigate the core of gasoline and diesel 
sprays and to reconstruct the three-dimensional (3D) struc-
ture. SRS are high-brilliant sources providing monochro-
matic and collimated radiation beams with pulsed structure 
at high frequency.

Conventional X-ray sources are discarded with respect 
to SRS because of their lower energy, high divergence and 
time-continue structure (Kak and Slaney 1999). Recent pro-
gresses in advanced optics for X-ray applications such as 
polycapillary lenses have allowed overcoming some of these 
limits and then permitting to obtain high-intense quasi-paral-
lel beams with a 60% transmissivity (Marchitto et al. 2015).

The low divergent beam emerging from polycapillary 
optics enabled recording the images at extremely low inten-
sities (without the necessity to increase the radiation inten-
sity in order to get high S/N ratio). Such set-up has permitted 
to study the peculiarities of the spray morphology by an 
easy-to-access and low-cost set up in comparison with syn-
chrotron radiation-based apparatuses. Thanks to the axial 
and 3D rendering reconstructions of spray structures, the 
absorption profiles in the region near the nozzle hole have 
been drawn. The experimental calibration of gasoline X-ray 
absorption enabled the evaluation of the density profile 
along specified jets.

Figure 7 reports both fuel density and X-ray absorption 
distributions in the jet longitudinal plane. The experimental 

Fig. 6   X-ray micro Tomography of a flower bud. The experimental 
setup is based on polycapillary semilens with 1.4 mrad residual diver-
gence and the power source of 22 W. To obtain this 3D image, 720 
images on 360 with an exposition time of 250 ms/image for a total 
exposition time of 12  min were registered and analysed (Gomi and 
Hasegawa, 1984)
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set-up was made of an Oxford Apogee Cu Kalpha X-ray 
tube working at 30 kV and 1 mA, with a focal spot size of 50 
around 50 microns coupled with a polycapillary semi-lens 
(transmissivity of 60% for Cu X-rays and a residual diver-
gence of about 1.4 mrad) to obtain a quasi-parallel beam. We 
acquired a set of 100 images for a time of 2msec/step during 
a 360° scan with a step of 0.1°.

X axis refers to the jet cross-section, while y axis is nor-
mal directed to the nozzle. The radiation absorption is a 
function of the crossed fuel mass, and its estimation results 
useful to better understand the jet profile as well as the cor-
responding density distribution.

At the nozzle hole exit, the absorption immediately 
increases due to the combined effect of the increase of both 
cross-section radius and density, up to the maximum at a dis-
tance of about 1200 µm from the orifice. The related density 
profile shows a maximum just out of the nozzle. At 150 µm 
from the nozzle the maximum value of 110.5 kg/m3 has been 
detected. The fuel has been delivered at high pressure, and 
its density has been elevated. In this region the air–fuel inter-
action is significant only on the spray edge. Later, the signal 
decreases due to the combined effect of growing spray sec-
tion, loss of momentum flux and enhanced air–fuel mixing.

5 � LabOS

Since from its foundation to nowadays, the XlabF labora-
tory has acquired several instrumental devices that need to 
be managed through a dedicated framework system ena-
bling also the remote access, when necessary. As a result, 
we designed and developed Vitruvio, based on a LabVIEW 

platform that allows a complete control of one or more 
experimental devices in parallel.

The central system core is the “operative units”, com-
posed of generic applications dedicated to the different 
tasks assigned to them through JSON format. The units are 
divided into four groups: Admin, COM, analysis and FE 
(front end) as shown in Fig. 8.

First, the Admin class units receive commands from 
users, that are subsequently processed and finally sorted with 
the purpose of allocating each action to the adequate level 
of allocation. Since the communication protocols between 
the various units are based on the JSON language, the user 
interfaces do not necessarily have to be on the LabVIEW 
platform, but can be completely generic.

Fig. 7   Jet longitudinal plane distribution of fuel density (left) and X-ray absorption (right) (SPIE 2000). Experimental conditions: acquisition of 
100 images for a time of 2 msec/step during a 360° scan with a step of 0.1°

Fig. 8   A schematic of the Vitruvio layout, comprehending the four 
units and their interaction with external elements
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The Analysis units contain all the analysis algorithms, 
that in our case where Vitruvo is applied to XlabF, are all 
algorithms for spectroscopic, diagnostic and characteriza-
tion studies.

The FE class units are the interface with the hardware 
present in the laboratory. Thanks to the modularity of the 
units, we have the possibility to insert any device at any 
time, as in the case of a detector, a source or a remote move-
ment control. Moreover, thanks to the JSON format, the 
hardware itself does not necessarily need or request a driver 
specifically written in LabVIEW language.

Finally, COM class units are used for managing and inter-
facing with storage and database systems. One unit in par-
ticular is dedicated to a separate operation: the ART unit is 
a matrix of information of the current state of the operating 
system, i.e. all the other units, and this matrix allows us to 
process a log (event log) and to view it on a control moni-
tor. This is particularly useful in case of critical events to be 
evidenced and solved.

Therefore, Vitruvio, although it was conceived for the 
management of all the running systems of XlabF, is a defi-
nitely generic management system that is adaptable to all 
the needs of an automatized framework in a lab where 
instrumentations and machines work independently and in 
parallel.

6 � Technological transfer activities @ 
XChannel—technological polo

The XlabF laboratory currently is the unique Italian labora-
tory dedicated to the design, manufacture and characteri-
zation of X-ray and neutron polycapillary optics (Table 2). 
Invented in 1984, the polycapillary lenses (the polycapillary 
optical systems are often called “polycapillary lenses”) are 
composed of millions of hollow channels in a glass, in which 
the entering radiation is efficiently transmitted by multiple 
reflections, thanks to the phenomenon of total external 
reflection of the X-rays. This way, it is possible to collect 

the divergent radiation, focusing it or converting it into a 
parallel beam, and then model the beam as needed.

Given this unprecedented behaviour, the use of polycapil-
lary optics open up the possibility of building brilliant X-ray 
sources with performances comparable to those normally 
reached with synchrotron radiation sources by combining 
a conventional X-ray tube with polycapillary lenses. X-ray 
capillary optics evolved from an attractive and simple idea 
into an independent area in optics that is being actively 
developed (SPIE 2000).

First polycapillary lens, about 1 m length and 30 cm 
diameter at larger transverse cross-section, was artificially 
manufactured in 1986 and allowed soft X-ray focusing at 
more than one-meter distance from X-ray source with one 
order increase of the radiation intensity at the lens focus. 
Since that a technology for fabricating monocapillaries and 
polycapillaries (and also composite and solid-drawn capil-
lary systems) was created and is currently being perfected 
(so far there have been five generations of capillary lenses). 
In contrast to the ordinary methods of focusing X-ray radia-
tion, polycapillary optics makes it possible to really handle 
various large divergent beams of X-rays produced by con-
ventional X-ray tubes.

Presently, XlabF represents one of the few facilities all 
over the world able to realize polycapillary optics, thanks 
to the presence within the INFN National Laboratories of 
Frascati of the Polycapillary Technopolo (also named as 
XChannel—Technological Polo), dedicated to the whole 
production chain, ranging from fabrication of the lens/semi-
lens from raw materials to the characterization of the final 
product. This was made possible thanks to the agreement 
signed by Prof. SB Dabagov with the Unisantis FZE for the 
acquisition of all the intellectual rights covering the produc-
tion of the PolyCOs, and including both the know-how and 
the industrial apparatuses.

In addition, given the expertise and established know 
how of the XlabF researchers about polycapillary produc-
tion, we are able to design and produce customised optics 
according to the users’ experimental requirements. In the 

Table 2   Kinds of polycapillary optics produced @XlabF and their characteristics

Optics typology Focal data Size of single channel Energy range Transmission PolyCO length

Full PolyCO
Lens
Semilens
PolyCO
Straight PolyCO
Full-semi MonoCO 

lens
Single capillary 

(shaped-full, semi-
straight)

30–80 mm (focal 
distance)

60–90 µm (focal spot 
of full lens)

3–10 µm (PolyCO 4th 
generation)

> 20 µm (MonoCO)

3–40 keV (PolyCO4th 
generation)

1–5 keV (MonoCO)

40–70% @8 keV 
(PolyCO 4th genera-
tion)

20–40% @17 keV 
(PolyCO 4th genera-
tion)

30–50 mm Semilens
60–100 mm full lens
Inlet/outlet: 3–10 mm
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following tables, we summarise the characteristics of the 
different PolyCO currently available for experimental 
studies.

7 � Conclusions

The XLab Frascati laboratory offers the possibility of con-
ducting experiments with analytical techniques based on 
the application of X-rays, such as diffractometry and fluo-
rescence, to study materials from both the elemental and 
structural point of view. In addition, the presence of a facility 
dedicated to X-ray imaging and tomography, coupled with 
the opportunity to use polycapillary optics (lens and semi-
lens systems) enable users to perform 2D/3D reconstruction 
of a sample through the complementary analysis of their 
composition and even in the case of materials with a very 
low concentration of their components. The versatility of 
these powerful techniques allows their application through-
out several different interdisciplinary sectors such as cultural 
heritage, biology, geology and industry with performances 
overcoming the limits presented by some techniques cur-
rently adopted in research laboratories (Dabagov and Glad-
kikh 2019; Dabagov 2018).

This is possible thanks to the use of the polycapillary 
optics that enables to create a very bright X-ray source from 
a conventional one and then obtain a powerful quasi-parallel 
or a focused beam from a divergent source, according to a 
characteristic "semi-barrel" or "barrel" shape, respectively, 
and to the purpose of the analysis to perform. These are hol-
low optics composed of millions of developed glass channels 
that work as X-ray manipulator (as the radiation is transmit-
ted through multiple reflection from the walls in every single 
channel of these optical curves), similar to what can be done 
with optical fibers with visible light, and they are manufac-
tured at XChannel-Technological Polo, i.e. the technological 
facility present at XlabF and within the INFN—Laboratori 
Nazionali di Frascati currently producing customised lens/
semilens devices with peculiar capabilities that provide great 
opportunities with conventional table top X-ray layout.

Finally, we have designed the layout of the new X-ray 
tomography facility that will be equipped with a conven-
tional X-ray microfocus source and polycapillary optics 
that is intended to target fields such as biology, geology 
and cultural heritage to offer the opportunity of making 
X-ray studies with a very high resolution. It is planned to 
be built up in the next few months to be then operative and 
open to external users.
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