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Abstract

A large area silicon drift detectors (SDDs) system and its readout electronics have been
developed by the SIDDHARTA-2 Collaboration, aiming to perform high-precision light kaonic
atoms x-ray spectroscopy for the investigation of the KN strong interaction in the low-energy
QCD regime. To perform these measurements, a linear energy response and a good energy
resolution are mandatory requirements for the system, to be preserved along the whole DAQ
(analog and digital) chain; such task is made even harder in the experimental environment of
particles colliders, where the high background due to ionizing particles and radiation is present.
The energy response of the SDDs system has been characterized with the beam-originating
background generated during the commissioning phase of the DA®NE electron—positron
collider (INFN-LNF) in early 2020. The data analysis has been optimized to describe the
system’s response and the background. The calibration procedure demonstrates that, despite the
high and variable background of the collider, the energy response of the system is linear at the
level of few eV ((AE/E) < 10~3), with an energy resolution of 157.8 +0.3702 eV for the

Fe K,, line.
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1. Introduction

Silicon drift detectors (SDDs) are widely used in various fields
[1-4] and, thanks to their excellent performances in terms of
energy resolution, electronic noise suppression and high rate
capability, have also become an instrument used for preci-
sion spectroscopy experiments. Among these, a key role is
played by SDDs in the light kaonic atoms x-ray spectroscopy
[3], where their excellent capabilities are exploited to extract
the shift (¢) and the width (I") of the atomic levels caused by
the KN strong interaction. These observables are fundamental
quantities for the understanding of the non-perturbative QCD
(quantum chromodynamics) in the strangeness sector, hav-
ing implications ranging from particle and nuclear physics to
astrophysics [5-8].

The SIDDHARTA experiment [9] employed in 2009, for
the first time, a SDDs based system to perform the kaonic
hydrogen (K'H) x-ray spectroscopy at the DA®NE collider
[10, 11] of Istituto Nazionale di Fisica Nucleare—Laboratori
Nazionali di Frascati (INFN-LNF), achieving the most pre-
cise measurement of the shift (¢) and the width (I") for the K-
H fundamental level. Combining this result with the analogous
measurement of the kaonic deuterium (K"d) 2p—1 s transition,
to be performed by SIDDHARTA-2 in 2021, it will be possible
to extract the isospin dependent antikaon-nucleon scattering
lengths, which are fundamental quantities for understanding
the low-energy QCD in the strangeness sector. Theoretical cal-
culations [12-14] together with Monte Carlo simulations [7]
set the region of interest (ROI) of the SIDDHARTA-2 meas-
urement from 4000 eV to 12000 eV, making Silicon-based
devices the best candidates for x-ray detection thanks to their
high quantum efficiency (>85% for 450 pum thick Silicon
wafer) and good energy resolution. Furthermore, the one order
of magnitude lower yield for the K'd 2p—1 s transition with
respect to the analogous K'H [15] demands the development
of improved technologies to achieve a precision comparable
with the SIDDHARTA one.

The SIDDHARTA-2 collaboration has built an exper-
imental apparatus based on an innovative SDDs system
(see section 2 for details) aiming to perform high-precision
x-ray spectroscopy measurement of the K'd fundamental
level. From the Monte Carlo simulation [7], considering the
improvement of the SIDDHARTA-2 apparatus with respect to
SIDDHARTA, the extracted shift and width can be determ-
ined with precision of about 30 and 80 eV, respectively, so the
same order as the SIDDHARTA results. To achieve this, a lin-
ear energy response, together with a good energy resolution,
are mandatory requirements for the SDDs system. Moreover,
the main experimental challenge consists in the development
of a high-precision spectroscopy system able to operate within
the ionizing particles and radiation background generated by
the DA®NE collider. The SIDDHARTA-2 SDDs system has

been tested for the first time at the DA®NE collider, during
the beam commissioning phase in early 2020 and this work
presents the results of the data analysis.

A robust fitting function has been defined in order to
describe the background and to identify the elements with
fluorescence lines detected by the SDDs system. Con-
sequently, a calibration procedure has been employed to eval-
uate the energy response of the system, resulting in a linearity
of AE/E < 10~ and an energy resolution (FWHM) at the Fe
K, line of 157.84+0.3702 eV.

2. SIDDHARTA-2 experimental apparatus

The SIDDHARTA-2 apparatus (figure 1(a)), consists of an alu-
minum vacuum chamber of cylindrical shape equipped with
a closed cycle Helium refrigerator, which keeps the target
cell temperature between 20K and 30K and the SDDs, that
surround the target, stable around 170 K. Plastic scintillators
are placed around the target cell, arranged externally (Veto-1)
and internally (Veto-2) with respect to the vacuum chamber,
for an efficient rejection of the hadronic background. Addi-
tional scintillators systems, working in coincidence mode on
the vertical and horizontal plane with respect to the beam pipe,
act, respectively, as kaon trigger for the electromagnetic back-
ground rejection and luminosity monitor [16]. For the aim
of the present work, the upper component of the kaon trig-
ger has been replaced by a x-ray tube equipped with a calib-
ration target, as schematically presented in figure 1(b). The
photons emitted by the x-ray source during the beam com-
missioning phase, hit the SDDs inside the vacuum chamber
passing through a 150 pm thick mylar window (¢ = 60 mm).
The calibration target, made of Ti, Fe, Cu, Br and Sr strips
laid above a 5 mm thick teflon plate to reject the W-lines com-
ing from the catode, is placed on the top of the x-ray tube
Be window. The x-ray tube activates the multi-element tar-
get materials and their K,, and K transitions are detected by
the SDDs system, covering an energy range from 4000 eV
to 16 000 eV.

2.1. SIDDHARTA-2 Silicon Drift Detectors system

The SDDs used by SIDDHARTA-2 consist in a silicon cyl-
indrical n~ bulk, double sided by pT silicon doped electrodes
[17-19]. On the top, a non-structured p* layer forms the light
entrance window. On the opposite side, p* concentric rings
are biased with a negative voltage through an internal divider,
which minimizes the connections only to the external and
internal rings. Lastly, the n™ small area collecting anode is
placed at the center of the structured layer and connected to
the dedicated front-end electronic.
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Figure 1. (a) Schematic view of the SIDDHARTA-2 setup.
(b) lustration of the calibration configuration (not in scale).

New monolithic SDDs arrays (figure 2) have been
developed by Fondazione Bruno Kessler, Politecnico di
Milano, INFN-LNF (Italy) and the Stefan Meyer Institute
(Austria) to perform high-precision light kaonic atoms spec-
troscopy. The 450 um thick SDDs array is composed by eight
separated SDD units (0.64 cm? area for each single cell) organ-
ized in a 2 x 4 matrix for a total active area of 5.12 ¢cm?
(active/total surface ratio of 0.75). The large area SDDs sys-
tem for the SIDDHARTA-2 experiment consists of an SDDs
array glued on an alumina carrier for the SDD units polariza-
tion and coupled to the dedicated front-end electronics for the
x-ray signal processing.

The device is screwed on a high purity aluminum sup-
port which provides the cooling power to reduce the elec-
tronic noise due to the leakage current of the SDD units,
thus improving their energy resolution. The structure of the
ceramic carrier (gear-wheel type) allows a close packaging of

the SDDs arrays around the target cell, optimizing the geomet-
rical efficiency. The SDDs are supplied by an external voltage
which has been previously optimized during the prelimin-
ary laboratory tests [20]. A CMOS low-noise charge sensit-
ive preamplifier (CUBE) [21] is mounted on the alumina car-
rier and bonded to the n™ anode, for each single cell. The
CUBE preamplifier, installed close to the SDD anode, has
been designed to render the device’s performance independ-
ent from the applied bias voltages and to increase its stability,
even when exposed to high charged particle rates generated
by the collider operations. Furthermore, this solution allows
to operate at lower cryogenic temperature with respect to an
external J-FET preamplification stage, thus obtaining an elec-
tronic noise systematically lower. The detectors are coupled to
a dedicated ASIC (SDDs Front-End Readout ASIC, SFERA)
[22, 23], including fast and slow shapers with programmable
parameters in order to improve the spectroscopic response of
the system. Each SFERA chip, after processing the signals
coming from two SDDs arrays, provides the amplitude and
the timing information of the detected event.

The block diagram in figure 3 shows the signal processing
chain of the SIDDHARTA-2 SDDs system unit, for the Kaonic
Deuterium high-precision x-ray spectroscopy. The single cell
capacitor (Cp) is charged both by the leakage current and the
electron packets produced by the absorbed radiation, while the
charge collection at the SDD anode is represented as a current
pulse (Qo).

It follows that the output of the CUBE, whose gain is set
for an energy range from few hundreds eV to 20 000 eV, con-
sists of steps generated by the charge collection to the anode,
over-imposed on a slow rising ramp due to the leakage cur-
rent of the detector. The signal related to the x-ray event is
separated from the leakage current through a robust filtering
stage with shaping time of 2 ps to minimize the noise con-
tribution. Then, the maximum value of the Gaussian output
of the main shaper is held by the peak stretcher (PKS) cir-
cuit. The hit-activated channels are put at disposal, on DAQ
request, of the multiplexer output, from where the voltage
is converted into digital format by an analog-to-digital con-
verter (ADC, model NI-PCI 6115). Finally, a National Instru-
ment package, including a Multi Channel Analyzer, handles
the ADCs and the external logic, storing the full event data
information.

The signal processing chain robustness, expressed in terms
of linear energy response and low electronic noise, plays a cru-
cial role in achieving high-precision x-ray spectroscopy meas-
urements. The energy response of the SDDs system developed
by the SIDDHARTA-2 Collaboration for the precise measure-
ment of the (K"d) fundamental level has been evaluated within
the ionizing particles and radiation background induced by
DA®NE collider during beam commissioning phase.

3. Silicon drift detectors system’s energy response

In early 2020 the DA®NE operations were devoted to the
optimization of the beams optics, which caused the SDDs
exposure to the ionizing radiations generated by the beams
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Figure 2. Left: The SIDDHARTA-2 ceramic carrier which provides a common polarization to the single cells and amplifies the collected
signal through CUBE. Right: Picture of the SIDDHARTA-two silicon drift detectors 2 x 4 array screwed on the aluminium block. The red

rectangle defines the active area of the device (5.12 cm?) given by the eight cells of 0.64 cm? each.
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Figure 3. Schematic representation of the SDDs readout system.
On top, representation of the signal shape for an x-ray event
detected by the SDDs system unit.

showering effects in the mechanical elements of the machine
and experimental setup. This environment offered the oppor-
tunity to test for the first time the SDDs systems in a more
stressful and realistic environment than typical laboratory
tests.

The peak energy response of the SDDs can be expressed
as a Gaussian distribution with a low energy tail due to the
incomplete charge collection. We used the accurate models in
[24-26] to define the fitting function for the final shape of the
peaks and each fluorescence x-ray contains the following two
components:

—(x—=x)?
202

G(x)=Hg-e (1)

Hr
280

XX 4 1
.e Bo +2[12

T(x) = -erfc (x—xo + !

)

where the Gauss function G(x) represents the fluorescence
x-rays and the tail 7 (x) represents the events with charge-loss
inside the unit. Hg and Hry are, respectively, the height of the
Gaussian and of the tail, o defines the resolution for each Gaus-
sian peak and £ is the slope of the tail. The shape of the back-
ground is represented by the linear combination of a first-grade
polynomial and an exponential function.

Figure 4 reports, as an example, the case-study of the
energy response for a SDDs system unit. For the purpose of
this work we focused on the energy range from 4000 eV to
16 000 eV, widely including the SIDDHARTA-2 ROI [7].

For each calibration element the K,, fluorescent line (higher
S/N ratio) has been selected, maximizing the precision for
the linear response evaluation. To interpolate the calibration
points, whose coordinates are the theoretical (P}abel) and the
experimental (P;'") energy values of each single K, peak, a
first-grade polynomial function has been used (see figure 4
top-right), with the slope of the function representing the sys-
tem ADC-to-eV gain. The final calibrated spectrum is shown
in figure 4 bottom-left.

The linearity evaluation was established through the calcu-
lation of the residuals (R;), which are given by the difference
between each single calibrated point (P$') and the theoretical
(P%abel) value:

Ri — Pgabel _ P;:al. (3)

The residuals plot in figure 4 bottom-right reveals an uncor-
related distribution around zero which differs only few eV
from the perfect linear case, setting the linear response AE/E
of the investigated SDDs system unit below 1073,

The systematic errors are evaluated by applying, with
respect to the reference fit, a different binning to the spectrum
(no rebinning and double binning width with respect to the
four time bin width channels of the reference fit) or using only
a first grade polynomial to describe the background, removing
the exponential contribution. Table 1 lists the residual values
obtained for the SDDs system unit of figure 4 and the sys-
tematic errors corresponding to their maximum deviation. The
amplitudes of the systematic errors are at least one order of
magnitude lower with respect to the statistical ones, thus the
effect induced by the fitting procedure to the residuals calcu-
lation is negligible.

The fitting procedure optimization defined the final fit func-
tion used for the data analysis of the single cell spectra.
Figure 5 reports, as an example, the residual distribution for
four additional single cells coupled with their dedicated Front-
End electronics. The system linearity is confirmed to be at the
level of few electronvolts, with residuals distributed around
zero as in the previous case.

Given the AE/E < 1073 linear response of the SDDs sys-
tem, the calibrated spectra of the SDDs with comparable
statistics have been summed up to test the collective effects
on the global response for a set made by two individual
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Figure 4. Typical example of a SDDs system unit energy response analysis. Top-left: Fit (red) in the energy range from 4000 eV to
16 000 eV. The reduced chi-square value of the fit is 1.8. Top-right: Calibration function to determine the ADC-to-eV conversion for the
investigated cell. Bottom-left: Calibrated spectrum. Bottom-right: Plot of the residuals for single K, lines of the spectrum.

Table 1. Residual and systematic errors estimation for the SDDs system unit in figure 4. First column R; values refers to the residuals of the

4 chs binning spectrum in figure 4.

Peak R; eV R; (2 chs bin) eV R; (no rebin) eV R; (Lin. bkg) eV (+) Syst. error eV (—) Syst. error eV
Ti K, 1.262 1.285 1.195 1.326 0.064 —0.067
Fe K, 1.689 1.676 1.677 1.691 0.002 —0.013
CuK, —1.576 —1.530 —1.514 —1.577 0.062 —0.001
BrK, —0.944 —0.892 —0.931 —0.948 0.053 —0.003
Sr K, 0.818 0.782 0.807 0.837 0.019 —0.036

SDDs systems. In particular, the final spectrum obtained by
the sum of 15 calibrated SDDs system units is shown in
figure 6 left.

The higher statistics reveals the presence of impurity mater-
ials, such as the small Bi L, peak at 10828 eV and Bi Lg
peak at 13008 eV, generated by the interaction of the beam
products with the ceramic carrier of the SDDs array. However,
they do not constitute a contamination concern for the experi-
ment, being at the higher limit of the SIDDHARTA-2 ROI. No
other impurity peaks are detected, confirming the purity of the
experimental apparatus.

Figure 6 right reports the differences between the calib-
rated and the theoretical values for each K, peak. The devi-
ation from the linearity is consistent with the previous estim-
ation, mainly driven by the electronic chain, clinching the
AE/E < 107 global linearity of the system. Furthermore, the
resolution of the Fe K, line is 157.8 & O.ngé eV, compatible
with the typical low electronic noise SDDs employed for x-ray
spectroscopy; systematic errors has been evaluated applying

the same variations as for residuals. No radiation damage has
been observed during the tests.

Overall, figure 6 confirms that, even if the SDDs sys-
tem is exposed to the ionizing background originated during
the DAPNE beam commissioning phase, the global energy
response is linear (AE/E < 1073) with good energy resol-
ution, matching the requirements to perform high-precision
kaonic atoms spectroscopy measurements.

4. Conclusions

The SDDs system developed by the SIDDHARTA-2 Collabor-
ation has been tested for the first time at the DA®NE collider
of INFN-LNF. The crucial requirements needed to achieve the
high-precision measurement of the (K-d) fundamental level,
namely a linear energy response and a low electronic noise
signal processing chain for the SDDs based detector system,
have been evaluated during the DA®NE beam commissioning
phase, where the device exposition to the intense amount of
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Figure 6. Left: Sum spectrum obtained by adding up 15 SDD calibrated spectra. Right: Residual plots for the K, peaks, obtained after

the fit.

ionizing particles and radiation establishes a more stressful
and realistic environment with respect to typical laboratory
tests.

The ADC-to-eV calibration function, obtained after the fit
procedure optimization, defines the SDDs system linearity of
AE/E < 1073 showing residuals distributed within £3 eV.
The solidity of the DAQ chain (analog and digital) has been
tested by summing up 15 SDDs units, confirming a AE/E <
1073 global linearity and good energy resolution. The assessed
linearity preservation both through the DAQ chain and in the
high background conditions of the DA®NE collider together
with a measured energy resolution of 157.8 £ 0.31‘8% eV

(FWHM @ Fe K, line) at 170 K, proved SDDs system
being a concrete solution and a natural choice not only for
the SIDDHARTA-2 experiment, but more in general for all
those applications and experiments requiring large area x-ray
detectors for high-precision spectroscopy measurements able
to work in challenging background conditions.
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