Advanced studies on the Polycapillary Optics use at XLab Frascati
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ABSTRACT

X-ray analytical techniques are widely used in the world. By the way, due to the strong radiation-matter
interaction, to design optical devices suitable for X-ray radiation remains still of wide interest. As a con-
sequence of novel advanced material studies, in the last 30 years several typologies of X-ray lenses have
been developed. In this work, a short review on the status of Polycapillary Optics (polyCO), from design
and fabrication to various applications, has been presented making comparison of the results achieved by
several groups through different X-ray optical elements.

A focus is regarded for advanced X-ray imaging and spectroscopy tools based on combination of the
modern polyCO hardware and the reconstruction software, available as homemade and commercially
ones. Recent results (in three main fields, high resolution X-ray imaging, micro-XRF spectroscopy and
micro-tomography) obtained at XLab Frascati have been discussed.

1. Introduction

X-rays are used in several analytical techniques all around the
world. In many cases proper optical elements for manipulating
the beam are required, but having such devices for X-ray photons
is not simple due to strong radiation-matter interaction. In the
electromagnetic spectrum X-ray energy region is considered to
be mostly comprised in the range of 1-10% keV.

The pioneering works of Laue [1] and Compton [2] on the reflec-
tion of X-rays by a smooth surface made possible to design an opti-
cal device capable to manage and manipulate coherent and
collimated beams at grazing incidence. However, according to
the Bragg condition, the relatively low interplanar distance in
ordinary crystals leads to many limits on their use as X-ray optical
devices. At the beginning, all powerful X-ray optics were the mir-
rors based on two grazing incidence schemes, one proposed in
1948 by Kirkpatrik and Baez [3], and the other in 1952 by Wolter
[4]. In both cases, a very precise coincidence of the optical axis of
the mirrors and a thorough treatment of the surfaces are required,
and they are actually used only at synchrotron radiation facilities.

The advances in material engineering processes paved the road
to extend the possibilities of configuration for grazing-incidence
optics. The new optical X-ray devices can be divided in three main
categories (Table 1): reflective, refractive and diffractive optics.
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In the following section a general overview on the latest status
of all the optics will be done. In particular, a focus on the capillary
optics state-of-the-art and the latest results achieved in different
analytical fields at XLab Frascati by means of polyCO combined
with conventional sources will be presented.

2. State of the art

As aforementioned, X-ray optics are divided in three main cate-
gories (Table 1), depending on the different physical operating
principles. For a first approach to the different kind of X-ray optics,
one can refer to [5-11].

Reflective optics are based on the total external reflection (TER)
phenomenon, which occurs only if the critical incidence grazing
angle 0. is respected. This category comprises Kirkpatrick-Baez
[3] and Wolter [4]| mirrors. KB optics consists of two orthogonal
curved mirrors and is practically employed only at synchrotron
laboratories, while Wolter optics consists of two tubular rotation-
ally symmetric TER-mirrors and is efficiently used in X-ray
telescopes [12,13]. A submicron to nanometer focusing in two
dimensions can be achieved.

Another class of reflective optics is represented by X-ray planar
waveguides where the beam propagates in a low absorbing mate-
rial enclosed between two metal layers with a lower refractive
index [14]. They are one-dimensional, with the outcoming beam
vertical size limited by the intermediate layer thickness down to
100 nm, and are used only at synchrotron radiation laboratories.
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Table 1
X-ray optics categories scheme.

Reflective Diffractive Refractive
Kirkpatrick-Baez Channels structures Waveguides Zone plates Refractive lens
Mirrors Multilayers PolyCO Capillaries
Kirkpatrick Baez (1948) Underwood Barbee (1986)  Kreger et al. 1948 Balaic et al. 1995 Feng et al. 1993 Baez 1952 Snigerev et al. 1996
(3] [20] [21] [22] [14] [23] (8]

E < 20 keV < 100 keV < 30 keV < 20 keV < 30 keV <1MeV

AE[/  White beam 1072 White beam 1073 1073 103

E

Fresnel zone plates (FZPs) are circular plates consisting of a ser-
ies of concentric rings, working as diffraction grating for
monochromatic beams by constructive interference. In the soft
X-ray range FZPs can reach a resolution down to 20 nm [15], while
for hard X-rays they are not very efficient [16]. Requiring very high
intense and strong collimated beams, they are employed only at
synchrotron radiation facilities. Nowadays, only Carl Zeiss X-ray
Microscopy, Inc. couples these optics with conventional sources,
obtaining a true spatial resolution down to 50 nm [17], but with
a field of view between 16 and 65 pm.

Compound refractive lenses (CRL) consist of a series of cylindri-
cal holes drilled into a single substrate [8], where the portions of
matter comprised between the empty spaces forms a sort of bicon-
cave refractive lenses. A series of these lenses is capable of focusing
and collimating X-rays from 5 to 80 keV, and if combined in a
crossed geometry a few microns spot can be obtained. They works
very well with synchrotron radiation, but are not so efficient for
conventional sources.

All these devices are characterized by a small aperture, which
leads to a strong reduction in the intensity radiation. At the begin-
ning of 80’s, Kumakhov proposed a new kind of reflective optics,
the capillary lenses [18,19]. The photon propagates by multiple
internal total reflections along a hollow glass channel, which works
as a guide also making possible to bend the X-ray beam. The criti-
cal angle is given by 0. (mrad)=30/energy (keV), which means
very low incidence angles (1.71 mrad for 17.5 keV). These optics
are formed by bundles of glass capillaries arranged in a barrel
shape (full lens) in order to capture a great solid angle and focus
it in a small spot, producing high flux beams, or in a half-barrel
shape (semi-lenses) to convert a divergent beam into a quasi-par-
allel one or to collect the emitted XRF signal onto the detector.
There are also straight capillaries, used for example in X-ray imag-
ing applications to reduce the noise due to the scattering from the
sample. Because of their characteristics, they can be efficiently cou-
pled with conventional sources.

The first generation lenses were bundles of single-capillaries,
then evolved in the more compact, monolithic version (second
generation). In the third generation the bundles consist of poly-
capillaries, each one containing thousands of channels with a few
microns internal diameters, and the forth generation is their mono-
lithic version. The last generation is represented by monolithic
polycapillaries micro-lenses, of smaller size and efficient also at
high energies. Also monocapillary optics can be used to enhance
spatial resolution and intensity in X-ray analysis; moreover the
few photon reflections occurring in them do not affect the beam
coherence.

Table 1 summarizes the parameters and the best achievable res-
olution for every class of optics.

3. PolyCO studies at XLab Frascati

For the last 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 elements, being
involved in several national and international projects and collab-
orations. This research line has resulted in the establishment of a
new dedicated laboratory, XLab Frascati, which is also focused on
the application of these optics for X-ray analysis in various fields,
such as cultural heritage, innovative materials, medical diagnos-
tics, pharmacology, beam diagnostics, detectors characterization,
etc. The laboratory activities aim in particular to characterize novel
optics and evaluate various experimental schemes for different
X-ray applications such as X-ray diffraction (XRD), X-ray fluores-
cence (XRF and TXRF - total reflection X-ray fluorescence) and
X-ray imaging. The final result of our studies is the design and
development of various instrumental prototypes and new X-ray
desktop facilities for advanced techniques.

Presently, two facility stations (RXR and XENA) are open to
users: their combined work allows optimizing and matching the
various analysis. Since 2004, XENA (X-ray Experimental station
for Non-destructive Analysis) is operative. It is equipped with three
X-ray Oxford Apogee tubes (W, Mo and Cu anodes), a set of
mechanical components and motors for lens alignment and scan-
ning, and an optical table providing many geometrical setup
possibilities. At the beginning, being the unique experimental sta-
tion, it was used for all the different X-ray analysis performed at
the laboratory. Today, XENA is a facility dedicated exclusively to
imaging, tomography and characterization of X-ray devices such
as novel sources [24], optics [25] - diffractive crystals (Yu.
Cherepennikov et al. as poster presentation at Channeling 2014)
and vibrating systems (A. Liedl et al. as poster presentation at
Channeling 2014) - and detectors (A. Gogolev et al. as oral pre-
sentation at Channeling 2014).

RXR (Rainbow X-ray) is an optimized system of previous ver-
sions [26,27] for 2D/3D XRF micro-imaging and TXRF. It is
equipped with two detectors of different energy efficiency, in order
to measure a full spectrum ranging from 800 eV to 25 keV. RXR
works in confocal mode: the source is coupled with a full-lens,
and both the detectors are combined with dedicated half-lenses.
RXR is also equipped with an optional vacuum chamber for mea-
surements in the low energies range. This vacuum chamber has
the possibility of inserting a polyCO for TXRF analysis.

The main characteristics of XLab Frascati are summarized in
Table 2. An homemade software (Vitruvio) for the simultaneous
control of both the stations has been developed. This system is
divided in three main sections: the “user” level, the spooler and
the hardware components. Such an arrangement allows a total
control of the stations with a simple code. The software, written
in LabView, is based on the state machine model.

3.1. uXRF spectrometry and imaging

In the XENA cabinet, pXRF punctual measurements are carried
out by combining one of the three X-ray tubes with a polyCO
full-lens having an Input Focal Distance (IFD) of 56.5 mm, an
Output Focal Distance (OFD) of 44 mm, a length of 12 cm, and a



Table 2
XLab Frascati facilities.

XENA RXR
Station X-ray Elemental station for Rainbow X-Ray
Non-destructive Analysis
Analysis (1) High resolution imaging (1) uXRF (2D and 3D mapping)
(2) pcT
(3) X-ray optics (2) TXRF
characterization
(4) Detector characterization
(5) Novel sources
Resolution (1) < 1 um (with LiF detector) (1) <50 x 50 um?

<50 x 50 x 50 pm? (step
resolution combined with the
polyCO)

(2) <17 x 17 x 17 pm? (CT (2) ppb concentrations

with spatial resolution CCD

camera of 10.4 x 10.4 um?)
(3) <135eV at 5.9 keV (with
the SDD detector)

focal spot size of 100 pm. The tubes work at a maximum voltage of
50 kV and current of 1 mA. The same energy dispersive Silicon Drift
Detectors (SDD) employed in RXR can be used for it. By this way,
the elemental composition of inorganic samples can be obtained.
With the same devices, but different geometrical setup, poly-
capillary lenses can be also characterized, ([28] and C. Polese
et al. as poster presentation at Channeling 2014).

The same setup combined with motorized sample stages is used
for 2D elemental mapping. The motors have a step of 1 pm.
Different 2D puXRF imaging have been carried out on cultural her-
itage samples (painting cross section, adobe [29]). In Fig. 1, a 2D
XRF scan on a sample of cultural interest, a glazed pottery, is
shown. The tube was set at 35 kV and 750 pA, and the acquisition
time was 20 s for each spectrum, with a step scan of 25 pm. The
elemental distributions obtained for potassium, sulfur, iron and
lead are illustrated. The good separation between K, S and Fe areas,
combined with the axis movement parameters, allows the internal
resolution of the system to be estimated.

3.2. Total reflection X-ray fluorescence (TXRF)

Changing the geometry setup, and by means of a CCD camera
for the system alignment, total reflection XRF analysis for low
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Fig. 2. TXRF spectrum of insoluble dust from an Antarctic ice core.

concentration samples can be performed. Preliminary studies have
allowed detection limits under 10 ng for 10 elements (Si, Cl, Ar, K,
Ca, Ti, Cr, Mn, and Fe) to be achieved (Fig. 2) [27].

3.3. X-ray imaging

XENA is equipped also for X-ray micro-radiography and micro-
tomography, with two CCD camera from Photonic Science, with a
spatial resolution of 3.5 x 3.5 um? and 10.4 x 10.4 um? respec-
tively. A motorized stage is used for the sample rotation. Many
imaging studies have been carried out on different materials, such
as biological samples (ant, bud), cultural heritage samples, geologi-
cal samples, high pressure fuel sprays ([30-32] and L. Marchitto
et al. as oral presentation at Channeling 2014).

In Fig. 3 a high resolution tomographic reconstruction obtained
with XENA for a synthetic emerald [33] is shown. The experimental
parameters (720 images for 360°, 120 ms/image, Cu anode,

Pb
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Fig. 1. 2D pXRF scan of a glazed earthenware sample. Elemental maps of K, S, Fe and Pb are shown. The spatial resolution (<50 pm) allowed the K, S and Fe areas to be

identified, although the singular contributions are very close.
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Fig. 3. Tomographic image of a synthetic emerald: the red zone indicates the higher
absorbance area, revealing the chromium distribution in the crystal. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 4. XRD spectrum of an adobe sample. Quartz, plagioclase and feldspar are the
major constituents, but also weak amounts of phyllosilicates close to chlorite and
illite were detected by the reflections at around 6.0° and 8.70° 26. The plagioclase
phase was found to match closely the JCPDS card 09-0466 of albite, NaAlSi3Og.

35kV/700 pA for a total radiation exposition of 600 s) allows a
~16 pm resolution to be obtained.

High resolution X-ray imaging analysis based on the combina-
tion of polycapillary lenses with GEM, in the framework of the
Gemini project, and LiF detectors [34,35] within the iFCX project,
achieving submicron spatial resolution, have been carried out.

3.4. X-ray diffraction (XRD)

The XLab Frascati laboratory is equipped also with a Seifert
X-ray diffractometer 0-20. Its Cu anode X-ray tube has the possibil-
ity to be coupled with a half-lens to obtain a parallel beam for thin
film analysis or a full-lens for micro-diffraction. By this way, also
the mineralogical composition of the samples can be obtained, in
order to integrate the informations achievable with the other tech-
niques available at the facility (Fig. 4).

4. Conclusions

In this work we have presented a review and comparison on the
status of X-ray optics, with a particular attention to the
Polycapillary Optics. It has been shown that the results achieved
at XLab Frascati by PolyCO combined with conventional X-ray
sources are comparable with those obtained by means of other
optics coupled with synchrothron radiation sources.

XLab Frascati has two independent user-facilities (XENA and
RXR) dedicated to imaging, tomography and fluorescence (uXRF
e TXRF) analysis. The latest results obtained for each experimental
station have been presented.
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