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Abstract. The XAFS beamline at Elettra Synchrotron in Trieste combines X-ray absorption
spectroscopy and X-ray diffraction to provide chemically specific structural information of
materials. It operates in the energy range 2.4-27 keV by using a silicon double reflection
Bragg monochromator. The fluorescence measurement is performed in place of the absorption
spectroscopy when the sample transparency is too low for transmission measurements or the
element to study is too diluted in the sample. We report on the development and on the
preliminary tests of a new prototype detector based on Silicon Drift Detectors technology and
the SIRIO ultra low noise front-end ASIC. The new system will be able to reduce drastically
the time needed to perform fluorescence measurements, while keeping a short dead time and
maintaining an adequate energy resolution to perform spectroscopy. The custom-made silicon
sensor and the electronics are designed specifically for the beamline requirements.

1. Introduction

The XAFS (X-ray absorption fine structure) beamline at Elettra Synchrotron in Trieste combines
the capability of X-ray absorption spectroscopy (XAS) with X-ray diffraction (XRD) to provide
chemically specific structural information. Both techniques allow to fully characterize material
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Figure 1: Scheme of the XAFS beamline. Figure from [1]

structure. The XAFS spectrometer [1] is located along the tangential fan of a bending magnet
as shown in the sketch of Fig. 1. The monochromator (a double flat crystal, double cam Kohzu
apparatus) allows the XAFS beamline to operate in the energy range 2.4-27 keV by using an
interchangeable pairs of Si(111) and Si(311) crystals on which X-rays undergo two successive
Bragg reflections. Four tungsten alloy slits placed after the monochromator are used to define
the beam section impinging on the sample.

The beamline is designed for spectroscopic analysis aimed at studying the behaviour of the
absorption coefficient as a function of energy in the XAS region (absorption spectroscopy). The
energy scan is performed typically in an energy range of 1-2 keV around the energy of interest
by operating on the Si double crystal monochromator, so to sample between 1000 and 2000
energy points.

However, the fluorescence analysis is performed in place of the absorption spectroscopy when
the sample is optically thick and does not allow for transmission measurements. With the present
set-up about 5-10 s of integration are needed to have enough statistics for each energy value.
Therefore, up to 2 x 10* s (about 6 hours) are needed to sample 2000 energy points.

A sample typically comprises a matrix of various elements in addition to the one of interest.
All of them could be excited via fluorescence. Moreover, radiation scattering can occur on the
set-up spreading photon energy across the energy spectrum. Due to these effects sometimes
only a very small fraction of the emitted radiation from the specimen comes from the elements
of interest. Therefore, the detector must be able to sustain a high count rate with an adequate
energy resolution to perform the measurements. Currently, a KETEK GmbH AXAS-M Silicon
Drift Detector (SDD) is employed for the fluorescence measurements. It has a single 100 mm?
SDD cell (80 mm? of effective area with collimation) with an FWHM (Full Width Half Maximum)
energy resolution of ~170 eV for the Mn Ka line at 5.89 keV for a peaking time of 1~ us at
-70°C. This set-up cannot sustain a high count rate. This is mainly due to the dead time caused
by the monolithic geometry of the Si sensor.

This work reports on the study carried out to design a new fluorescence detector, based
on the Silicon Drift Detector technology, able to maintain a short dead time and an adequate
energy resolution to perform spectroscopy. This goal will be achieved by manufacturing a new
custom-made detector designed specifically for the beamline requirements.

2. The detector
The new detector will have a larger area and will be segmented to maintain the pile-up at low
level. A sensor will comprise small cells each one constituting an independent read-out channel.
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Small cells will have a low leakage current, of the order of 10 pA at ambient temperature,
allowing to perform measurements with a moderate cooling. Therefore, the cooling system will
not be a critical issue even for the large area detector. Its final version will be manufactured to
work both in air and in vacuum.

Figure 2: SDD linear array compris-
ing 8 squared cells 3 x 3 mm?. Anode
(top) and entrance window (bottom)
sides.

Figure 3: The SDD front side
mounted on the front-end electron-
ics board.

Figure 4: DBack-end electronics . )

with SDD back side bonded to the Figure 5: Front end electronics board

preamplifiers. with the plastic box enclosing the
SDD.

In this work we report on the design activity and tests of the prototype detector given by a
single SDD sensor (representative of the final version) coupled to prototypal front-end and back-
end electronics boards. We developed a simulation software based on the GEANT4 toolkit [2]
to optimize the detector design. The simulator reproduces the beamline source energy spectrum
and the beam shape out of the last set of four tungsten alloy slits before the sample. To use
the detector at the highest count rate conditions, that is measuring fluorescence from thick foils
of pure elements, we estimated that each detector channel must be able to sustain a maximum
data rate of the order of 10° counts s™!. A single SDD sensor module (see Fig. 2) is designed
as an array of 8 squared cells 3 x 3 mm?. The prototype detector comprises a single SDD array
(see Fig. 3), while the final version will be made of 8 x 8 matrix for a total collecting area of
about 576 mm?, seven times larger than the current detector.

The SDD sensors of the new detector are obtained from high resistivity n-type silicon wafers
450 pm thick. They are designed by INFN-Ts and manifactured by FBK. Their layout is such
that the energy of an absorbed X-ray photon is converted into electron-hole pairs and electrons
are drifted towards the anodes (small n™ pad) on the back side at the center of each cell. The
drift cathodes on the back side are arranged as a decreasingly negative biased p™ rings. At the
border of each cell the outermost drift cathode is kept at the bias voltage and voltage dividers
are integrated separately for each cell to generate potential drops down to the innermost one.
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Figure 6: Energy spectrum of an **Fe source at 0°C measured in the climatic chamber.

The entrance window is biased separately with respect to the detector back side allowing for an
effective charge collection. Both on the back and the front side, outside the sensitive area of
the whole cell array, there are guard cathodes that scale down the bias voltage to ground. The
readout anodes are wire bonded to ultra-low noise SIRIO charge sensitive preamplifiers on the
front-end board (see Fig. 4). The SIRIO preamplifier is designed for SDDs readout in CMOS
technology. It has intrinsic minimum noise levels of 1.2 and 0.9 electrons r.m.s. at +22°C and
-30°C, which correspond to line’s FWHM of about 10 eV and 8 eV, respectively, referring to
silicon detectors [3]. This performance represents the current state of the art in low-noise front-
end electronics for SDDs and the final energy resolution is practically determined by the detector
anode dark current and by the parasitic capacitance of the preamplifier-detector connection. An
intrinsic noise as low as 8.6 electrons r.m.s., corresponding to 74 eV FWHM on the pulser line,
has been demonstrated with a 13 mm? SDD-SIRIO system operating at room temperature [4].
The used ASIC is composed by SIRIO and an output amplifier able to drive a 50 €2 coaxial cable
up to 2 m length with a total power consumption of about 10 mW.

The output of the preamplifiers are low-pass filtered to provide anti-aliasing for the following
12 bit 8-channel ADC, capable of encoding at 40 Msps. The digital data are subsequently
treated with a set of suitable digital filters and analysed by an FPGA (Field-Programmable
Gate Array), which also handles the near-saturation reset of the preamplifiers. The reset of all
the preamplifiers is simultaneous and it is driven by the first one reaching the near-saturation
threshold. The acquired data are transmitted over a TCP / IP connection to a PC running a
dedicated LabVIEW software. The back-end FPGA encodes also a shift register hosted on the
front-end electronics that allows to disable separately each one of the eight channels by holding
the corresponding preamplifier in a reset state. Since the sensor is sensitive to light, a small
plastic box was designed to enclose and keeping it in a dark environment. The X-ray entrance
window was realized stacking two foils 25 pm thick of alumined Mylar (see Fig. 5).

3. Tests in laboratory and measurements at the beamline
A series of characterization tests were performed on the prototype detector in laboratory at
ambient temperature and in climatic chamber down to 0°C. The energy resolution was measured
by using a coarse off-line algorithm (not yet optimized) for the data analysis. In Fig. 6 the
energy spectrum of an %°Fe source at 0°C measured in the climatic chamber is shown. The
energy resolution of the Mn Ka line at 5.89 keV is 167 eV.

A beam test with the prototype detector was carried out at the XAFS beamline of Elettra in
the period 16-18 September 2015. The measurement set-up is shown in Fig. 7. A foil of Mn (K«
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Figure 7: On the left: Measurement set-up of the beam test at the XAFS beamline. A foil of
a pure element (Mn or Zr) is excited by the radiation beam and emits fluorescence photons. On
the right: the dewar filled with liquid nitrogen used to refresh the nitrogen flux that allows the
moderate cooling.
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Figure 8: Measured count rate on a single SDD cell as a function of the count rate of the first
ionization chamber of the XAFS beamline. The highest count rate (blue point) was scaled by
a factor 1/4%" (see Fig. 9) to be compared to the other measurements (red points) taken at a
larger SDD /sample distance.
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Figure 9: Exponential fit of the Poisson distribution of photon arrival time with a slit opening
of 1 x 8 mm? and 5.5 cm of distance between the sample and the SDD. A count rate of about
10° counts/s was reached without any significant limitation due to pile-up.
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at 5.89 keV and Kf 6.49 keV) and then Zr (Ko at 15.75 keV and K5 17.67 keV) were placed
in front of the detector a 45° with respect to the beam axis. The front-end board hosting the
SDD was inside an aluminum shielding box which entrance window was covered with a 25 pm
thick alumined Mylar foil to stop stray visible light entering in the box. The three alumined
Mylar foils (two on the entrance window of the plastic box on the front-end electronics board
and the third one on the aluminum box), have a total thickness of 75um for a transparency of
84.5% at 6 keV. The prototype detector was operated at nearly ambient temperature by fluxing
in the plastic box a moderately cooled nitrogen flux. This system allowed to remove the heat
produced by electronics components and preamplifiers enclosed in the plastic box.

We tested the detector functionality at different photon fluxes. The photon flux on the
sample, and thus the count rate of the detector, depend on the opening of the last set of slits
that was increased by steps. Moreover, the count rate was further increased by halving the
distance between the sample and the SDD from about 10.8 ¢cm to about 5.5 cm. Using this
set-up, we reproduced a very high count rate condition, far away from the working capabilities
of the current detector. In Fig. 8 we report the measured count rate with the Mn sample on a
single SDD cell as a function of the count rate of the first ionization chamber that is crossed by
radiation before impinging on the sample. The red points were obtained placing the detector at
10.8 cm from the sample. The blue one correspond to the count rate measured by placing the
detector close to the sample (5.5 cm) and corrected to take into account the different detector to
sample distances. Therefore, this count rate value of 100149 counts/s (see Fig. 9) was scaled by
the ratio of the squares of the two distances (1/4'"). Since the scaled value is not smaller than
the value obtained at 10.8 cm, we conclude that this measurement is not limited by pile-up.

The beam test was successful and detailed results will be published in a forthcoming article.

4. Conclusions

We developed and tested a prototype detector for the XAFS beamline at Elettra Synchrotron in
Trieste based on the SDD technology. The prototype demonstrated the importance of designing
a modular detector to reach a larger collecting area while maintaining low pile-up and short
dead time. The prototype detector comprises a single SDD array of eight cells, each one coupled
to a SIRIO ultra low noise preamplifier to form an independent channel. The detector final
version will be an 8 x 8 matrix for a total collecting area of about 576 mm?, seven times larger
than the detector currently employed at the beamline. During preliminary tests, we measured
the performance of the prototype detector in laboratory and obtained an energy resolution of
167 eV at 5.89 keV at 0°C. We also performed a test beam on the prototype detector at the
XAFS beamline of Elettra and verified its performance for high count rate.
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