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A B S T R A C T

The confocal μXRF spectrometer of Atominstitut (ATI) was transported and set up at the X-ray Fluorescence
beamline at Elettra - Sincrotrone Trieste. It was successfully adjusted to the incoming beam (9.2 keV). Test
measurements on a free-standing Cu wire were performed to determine the size of the focused micro-beam
(non-confocal mode, 56 × 35 μm2) and the size of the confocal volume (confocal mode, 41 × 24 × 34 μm2) for
the Cu–K𝛼 emission. In order to test the setup’s capabilities, two areas on different human bone samples were
measured in confocal scanning mode. For one of the samples the comparison with a previous μ XRF measurement,
obtained with a low power X-ray tube in the lab, is presented.

1. Introduction

The multicomponent nature and complicated structure of biological
samples often present a challenge in the analysis of such specimens.
Due to the different energies of the characteristic fluorescent radiation
and its absorption, depending on the sample matrix, the information
depth of the elemental components is strongly varying. The method of
confocal μXRF overcomes this problem, as it allows the analysis of the
elemental distribution within one well-defined layer, e.g. the surface of
the sample, in a raster mode. Obtaining the information only from a
defined volume (voxel), formed by the intersection volume of the two
foci of the X-ray lenses, allows us to eliminate unwanted contributions
from subjacent layers of the sample. The use of synchrotron radiation is
highly advantageous, especially for the measurement of trace elements,
as the high brightness reduces the required measurement time per
point considerably and the linear polarization results in perfectly low
background conditions.

There are not that many confocal setups available worldwide, and
none at Elettra - Sincrotrone Trieste. To exhibit the viability of a
confocal μXRF setup at Elettra - Sincotrone, the μXRF spectrometer
of Atominstitut (ATI) [1] was transferred and temporarily installed at
Elettra X-ray Fluorescence beamline [2]. This setup has already proven
useful in the lab for the analysis of bone samples [3], and has the
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advantage of being small enough for transportation. Additionally, as
it is mounted inside a vacuum chamber, detection of low Z elements is
accessible.

2. Setup

2.1. Beamline specifications

The Elettra storage ring operates in top-up mode (310 mA at 2.0
GeV or 160 mA at 2.4 GeV). The light source is a bending magnet
and currently the available energy range is 3.7–14 keV. For this pilot
experiment, the 4 channels monochromator was set on the multilayer
RuB4C (𝑛 = 150 periods with spacing 𝑑 = 2.51), and the energy was set
to 9.2 keV. The bandwidth is ∼150 eV and the flux ∼3 × 1011 photons∕s.
Fig. 1 displays a schematic drawing of the experimental setup. The ATI
μXRF spectrometer was installed at the end of the beamline, where the
beam, exiting via a Be window (300 microns) presents a beam size of
roughly ∼300×200 μm2, an angle of 0.5 deg with respect to the horizontal
plane and a divergence of 0.15 mrad.
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Fig. 1. Schematic drawing of the experimental setup.

2.2. Components of the ATI 𝜇XRF spectrometer

The ATI μXRF spectrometer is mounted inside a vacuum chamber.
In the lab environment a polycapillary full lens is utilized to focus the
incoming X-rays that are produced by a low power tube with Rh anode
(20 W). For this experiment, the tube was removed and replaced by
an aluminium cap with polyimide foil (𝑑 = 8 μm) window to retain
the option of vacuum measurements. Furthermore, the polycapillary full
lens was replaced by a half lens optic with a working distance of 6.6 mm
(provided by IFG, Institute for Scientific Instruments GmbH, Berlin,
Germany) to focus the parallel synchrotron beam. In the detection
channel, a second polycapillary half lens with a working distance of
5 mm (XOS) in front of the detector entrance window confines the
detector’s field of vision. Both optics are positioned by piezo-positioner
stacks. The sample is mounted on a motorized𝑋𝑌𝑍-stage via a magnetic
base. In the lab, the fluorescence radiation is usually detected by a LN2-
cooled Si(Li) detector with ultra-thin window, however, its large size
and heavy weight render it impractical for transportation. Therefore, it
was replaced by a SDD detector (Ketek) with 25 μm Beryllium window,
80 mm2 active area and an energy resolution of 145 eV @ 5900 eV
(property of ATI). An optical microscope, focused to the confocal volume
position, is utilized to accurately adjust the sample. In Fig. 2, pictures
of the confocal setup and the ATI μXRF chamber are displayed.

Measurements are performed using the ATI in-house μXRF software
package [4]. Acquired data is fitted with AXIL [5] and the resulting
data is processed and visualized elementwise using the software LP-
map developed at ATI [6]. All elemental maps and spectra presented are
dead-time corrected and converted to counts per second (cps) live-time.

2.3. Setup procedure

2.3.1. Modifications to the laboratory setup
After passing through the beamline’s permanent setup, the beam

leaves the UHVC end station at a fixed position and with a tilt angle
to the horizontal plane. Therefore, it was necessary to be able to
accurately adjust position and angle of the μXRF chamber accordingly.
A construction for transversal adjustment of the chamber in the plane
perpendicular to the beam-axis was designed and built at ATI. It
consisted of three aluminium plates with a thickness of ∼5 mm. To adjust
the horizontal position, base and middle plate were connected with a 1D
translation stage. To make fine adjustments to height as well as the angle
to the horizontal plane, the top plate was connected to the middle plate
with a 3-point support, utilizing three micrometre screws. A schematic
drawing of this construction is presented in Fig. 3.

The beam was focused onto the sample by a polycapillary half lens
(𝑓 = 6.6 mm, focus size ∼30 μm, intensity gain ∼235 for 𝐸 = 7.5–10 keV).
Since its acceptance angle was small (e.g. 3 mrad for the critical angle
at 9 keV [7]), the angle adjustment of the polycapillary optic had to
be precise. A special adjustment mechanism was constructed, utilizing
the 𝑋𝑌𝑍-piezo positioner stack that is normally responsible for the
linear adjustment of the primary optic, converting this linear motion
into angular motion via a fixed pivot point (Fig. 4). A small V-shaped
aluminium plate, mounted on an aluminium column in front of the
positioner stack, served as the pivot point of the polycapillary. An
aluminium holder was mounted on the piezo-positioner stack, with a
small metal sphere attached to the top of it. This metal sphere served
as the hinge of the mechanism. An aluminium ring, with an indentation
fitting for the metal sphere, was fixed to the capillary casing with a
plastic screw. A U-shaped aluminium plate screwed to the back of the
holder ensured that the polycapillary does not collapse to either side.
With this setup, moving the piezo-positioner in the plane perpendicular
to the beam direction, would result in small angular changes of the
polycapillary. This is illustrated in a drawing at the bottom of Fig. 4,
where up or down movements result in a change of the angle to the
horizontal plane.

It is important to note that by using this mechanism the back of
polycapillary would move, therefore, the entrance position of the beam
would also change slightly. This means that after finding the right angle,
it might be necessary to readjust the translational position of the setup
in order to hit the polycapillary in the centre.

2.3.2. Adjustment
A laser level was utilized to achieve a coarse adjustment of the

chamber.
As a next step, the first polycapillary half lens was installed in the

beam path (excitation channel), and a test sample (Gd screen with Cu
wire cross glued on top) was fixed to the sample holder. Utilizing the
fine angle adjustment mechanism, an angle scan was performed, i.e. the
polycapillary angle was varied in small steps (∼25 μm) while measuring.
If a fluorescence signal (Gd or Cu) was detected, an X-ray film in front of
the polycapillary was used to ensure that the beam passes the optic as
centrally as possible. Then, chamber position and polycapillary angle
were optimized to achieve a maximum count rate. If no signal was
measurable, the coarse adjustment was repeated.

A linescan across a horizontal as well as a vertical free standing Cu-
wire (𝑑 = 10 μm) was performed to estimate the beam dimensions after
the first polycapillary optic, i.e. in non-confocal mode. The spectral data
was fitted to obtain the count-rates for Cu–K𝛼, which were then Gauss-
fitted to extract the beam dimensions (Fig. 5). The FWHM was 57 μm for
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Fig. 2. Top-view of the completed confocal setup (a) and side-view of the ATI μXRF chamber (b).

Fig. 3. Schematic drawing of the side-view of the chamber adjustment setup. The 1D translation stage (shown in blue) is used to adjust the chamber position in
the horizontal plane perpendicular to the beam axis. Three micrometre screws are utilized to allow adjustment of the chamber’s height and angle to the horizontal
plane. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

𝑥 (horizontal) and 36 μm for 𝑦 (vertical). The beam size is then given by
𝑑𝑏𝑒𝑎𝑚 =

√

𝐹𝑊𝐻𝑀2 − 𝑑2𝑤𝑖𝑟𝑒 [8]. The resulting beam dimensions were
56 × 35 μm2 (𝑤 × ℎ).

Finally, the second polycapillary half lens was installed in front of
the fluorescence detector (detection channel). Alternating scans in XY
(plane normal to beam-axis) and Z (up-/down-stream) were performed
until a maximum count rate was reached. A maximum of ∼13 300 cps
for Cu–K𝛼 was measured. In order to determine the dimensions of the
confocal volume, area-scans over the cross-sections of the horizontal and
vertical Cu wires were carried out. The resulting Cu–K𝛼 data is presented
in Fig. 6. The column and line containing the maximum Cu counts of
each scan were Gauss-fitted to obtain the confocal volume dimensions.
The obtained dimensions were 41 × 24 × 34 μm3 (𝑤 × ℎ × 𝑑).

3. Results & discussion

The ability to non-destructively detect and map trace elements at
the micrometre scale makes μXRF perfectly suited for the analysis of
biological samples. To examine the capabilities of this setup for this
purpose, two test measurements on different human bone samples were
performed. The first sample was an iliac crest biopsy obtained from
a healthy male patient. This specimen belongs to a set of samples,
which is part of an ongoing, unpublished study [9]. The second sample
was a tumorous bone — osteosarcoma tissue of proximal tibia; more
information on this sample, as well as details on sample preparation
(similar for both samples) can be found here [10]. Both samples were
measured in confocal mode, in air. This was due to time constraints,
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Fig. 4. Above: Image of adjustment mechanism of the excitation channel
polycapillary optic. Below: Drawing of the adjustment of the angle to the
horizontal plane; movement is exaggerated for demonstration purposes.

as the spectrometer itself would offer the possibility of using a vacuum
environment.

3.1. Human bone sample

On the first sample, an area of 650 × 550 μm2 (𝑤 × ℎ) was scanned.
With a step size of 25 μm and 50 s measurement time per point, the
total measurement time was ∼9 h. As a reference, the sample was also
scanned in the lab at Atominstitut, using the confocal setup described
in Section 2.2. Here, the step size was set to 50 μm and we measured
for 200 s on each point. The measurement was performed in vacuum,
with tube settings of 𝑈 = 50 kV, 𝐼 = 0.4 mA. The confocal volume was
determined for Cu–K𝛼 as 48 × 35 × 49 μm3 (𝑤 × ℎ × 𝑑).

Fig. 7(a) displays elemental maps (Ca, Fe, Mn) for Elettra and the
lab system. In the bottom right corner of the obtained scan area, higher
amounts of Cr, Mn, Fe, Ni and Cu were identified as contamination,
most likely from sample preparation. To improve the contrast of the
sample features for Fe and Mn, this contamination was removed from
the elemental maps, i.e. the corresponding points were set to zero. As
can be seen from Fig. 7(a), in the lab we could only reliably map the
Ca distribution. The change from X-ray tube to the synchrotron source
at Elettra resulted in a significant improvement, e.g. an increase of
the Ca count rate by a factor of ∼300. Consequently, we were able
to produce elemental maps for Fe and Mn as well. However, since the

Fig. 5. Cu–K𝛼 count-rate for line-scan across horizontal (red dots) and vertical
(black dots) free-standing Cu-wire (𝑑 = 10 μm) in non-confocal mode. The data
was Gauss-fitted (red/black line) to extract the FWHM in both dimensions. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Mn peak is overlapping with the escape peak of the Ca–K𝛼 + Ca–K𝛽
sum peak (Fig. 7(b)), it would generally be difficult to reliably map Mn
within sample regions with high Ca content. The rather unusual sum
escape peaks are due to the particularly high Ca count rate. When two
characteristic photons reach the detector crystal almost simultaneously,
the detector will register them as a single event with the sum of the
single photon energies. If, on top of this, one of the two photons impinges
on the detector crystal near its edge, an X-ray with a characteristic
energy of the detector material (Si in our case) might escape the
detector, therefore shifting the detected energy.

A possible improvement to this situation could be accomplished by
the application of a filter between the second optic and the fluorescence
detector, with the goal of achieving a higher attenuation of Ca compared
to Mn. For example, a 20 μm Al detector filter would attenuate the Ca–K
lines by ∼90% (and hence reducing the Ca sum peaks), while only losing
about half of the Mn counts, therefore improving the measurability of
Mn.

3.2. Tumorous human bone sample

The measured area on the second bone sample was 390 × 1860 μm2 .
Here, a step size of 30 μm was used and each point was measured for 60 s
real time, resulting in a total measurement time of ∼15 h. Fig. 8(a) shows
the fitted elemental maps created from the scan data for Ca, S, Fe and
Mn. The S–K line is overlapping with the Ca–K𝛽 escape peak. In regions
with high Ca content, this escape peak is significantly higher than
the S–K peak, therefore, the fitting algorithm cannot produce credible

Fig. 6. Cross-section area-scan of horizontal (left)/vertical (right) Cu-wire to determine confocal volume size for Cu–K𝛼. The dashed red line marks the FWHM of
the distribution. Obtained dimensions: 41 × 24 × 34 μm3 (𝑤 × ℎ × 𝑑).
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Fig. 7. (a) Elemental maps of human bone sample (Ca, Fe, Mn), measured at Elettra (top row) – with contamination removed from of all maps – and lab measurement
(bottom row). (b) Single spectra of a measurement point (marked by black rectangle in (a)), acquired at Elettra (black line, with fit in grey) and in the lab (red line).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

deconvolution results, and as a result it was not possible to assuredly
map S in highly calcified regions. For that reason, all points where the
Ca count rate was above a threshold of 8300 cps were set to zero on the
S map. This does not mean, that there is no S present in these regions,
rather that no assertion can be made with certainty. Note, that the S–K
radiation is substantially attenuated in air (∼90%), hence, measuring in
vacuum would be preferable. In the bottom right corner of the scanning
region, a contamination containing Cr, Mn, Fe, Ni and Cu was identified.
To improve the contrast of the Fe and Mn maps, values above a threshold
of 1250 cps for Fe and 45 cps for Mn were set to zero.

Fig. 8(b) shows two spectra acquired at single measurement points,
marked in Fig. 8(a). The point marked by a black rectangle (black line in
Fig. 8(b)) contains little Ca (non-mineralized region), consequently the
S peak is visible, while the point in the red rectangle lies in a calcified
region.

3.3. Further improvements

Even though all measurements were performed in air due to limited
time, vacuum environment can be easily achieved with the ATI μXRF
setup. These kind of measurements would be highly desirable for
the investigation of bone samples, in order to reveal lighter elements
with higher sensibility, as they are of great importance for the bone
chemistry. With the addition of a detector with ultra-thin window even
low Z elements would be accessible. Another possible improvement
could be the utilization of detector filters, which in case of bone samples

would allow to attenuate the dominating Ca peak and related artefacts,
therefore greatly improving the visibility of trace elements (e.g. Mn).

4. Conclusion

The ATI 𝜇XRF chamber was successfully installed at Elettra‘s X-
ray fluorescence beamline and adjusted to the incoming beam in a
reasonable timeframe. The confocal volume size was determined as
41×24×34 μm3 for Cu–K𝛼 (8.04 keV). Due to the much higher photon flux
density the measurement time could be reduced significantly, compared
to a lab setup, creating the possibility to scan larger areas. It could be
shown that the ATI μXRF chamber can be adapted easily to synchrotron
radiation as excitation source.
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Fig. 8. (a) Elemental maps of tumorous human bone sample (Ca, S, Fe, Mn), measured at Elettra, (b) Single spectra, acquired on tumorous human bone sample at
two different positions in non-mineralized (Point 1, black) and mineralized (Point 2, red) region. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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