Measurement Science &%, PURPOSELED
and Technology 2 PUBLISHING

TECHNICAL NOTE « OPEN ACCESS You may also like

- Silicon drift detectors system for high-

Extended x-ray energy characterization of preciaon o Kaonic aloms specloscopy
g . lHiucci, cordo, irghi et al.
SIDDHARTA-2 large-area silicon drift detectors up |« eias cinaion meo o

t 50 k V high precision kaonic atoms x-ray
O e spectroscopy measurements
F Sgaramella, M Miliucci, M Bazzi et al.

To cite this article: F Clozza et al 2026 Meas. Sci. Technol. 37 197001 - SIDDHARTA-2 apparatus for kaonic atoms
research on the DANE collider

F. Sirghi, M. lliescu, L. Abbene et al.

View the article online for updates and enhancements.

This content was downloaded from IP address 5.90.55.159 on 24/05/2026 at 05:23


https://doi.org/10.1088/1361-6501/ae65cb
/article/10.1088/1361-6501/abeea9
/article/10.1088/1361-6501/abeea9
/article/10.1088/1402-4896/ac95da
/article/10.1088/1402-4896/ac95da
/article/10.1088/1402-4896/ac95da
/article/10.1088/1748-0221/19/11/P11006
/article/10.1088/1748-0221/19/11/P11006

IOP Publishing

W) Check for updates

OPEN ACCESS

RECEIVED
1 July 2025

REVISED
21 April 2026

ACCEPTED FOR PUBLICATION
28 April 2026

PUBLISHED
12 May 2026

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

Meas. Sci. Technol. 37 (2026) 197001 https://doi.org/10.1088/1361-6501/ae65cb

Measurement Science and Technology

TECHNICAL NOTE

Extended x-ray energy characterization of SIDDHARTA-2
large-area silicon drift detectors up to 50 keV
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Abstract

The SIDDHARTA-2 experiment at the DA®NE collider of INFN-LNF performs high precision
light kaonic atoms x-ray spectroscopy to investigate the kaon-nucleon(s) strong interaction in
the low-energy (O(10keV)) regime. A large area silicon drift detectors (SDDs) system has been
developed to carry out these measurements. The collaboration aims to extend the measurements
campaign to higher mass kaonic atoms, which exhibit transition lines at increased x-ray energies.
In this context, the spectroscopic response of the SIDDHARTA-2 SDD system was investigated in
terms of linearity and energy resolution up to 50 keV. An accuracy of the energy calibration pro-
cedure AE/E < 10~ was achieved.

1. Introduction

Thanks to their excellent performance in terms of energy and time resolutions and to their high

rate capability, the silicon drift detector (SDD) have become a key instrument in high precision x-
ray spectroscopy experiments. In particular, SDDs are ideal detectors to perform kaonic atoms x-ray
spectroscopy [1, 2], used to extract information on the low-energy strong interaction in antikaon-
nucleon(s) systems. This information can be obtained by measuring, through x-ray spectroscopy, the
shift (¢), with respect to the predictions of Quantum Electrodynamics alone, and the broadening (the
width, I') of the atomic energy levels caused by the antikaon-nucleon(s) strong interaction [3]. The

© 2026 The Author(s). Published by IOP Publishing Ltd
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SIDDHARTA-2 experiment [4—6] at the DA®PNE collider of Laboratori Nazionali di Frascati of INFN
(INEN-LNF) [7-9] employs an SDDs based system [10, 11] for precision x-ray measurements of kaonic
atoms. In 2021, motivated by the primary goal of the SIDDHARTA-2 collaboration to perform the first
measurement of kaonic deuterium [4], the energy response of the SDD system was characterized in

the 4-12keV energy range, corresponding to the region of interest for this measurement. These studies
demonstrated a highly linear energy response, at the level of a few eV (i.e. AE/E < 1077), and an energy
resolution (FWHM) of approximately 160 eV at 6.4keV [10].

The SIDDHARTA-2 collaboration is currently exploring the feasibility of new measurements of
intermediate-mass and heavy kaonic atoms, motivated by their potential impact on precision studies
ranging from QED to low-energy QCD in the strangeness sector [3, 12, 13]. Kaonic lithium, beryllium,
and boron are particularly suitable for these investigations, as their strong interaction induced shifts and
widths provide access to the study of kaon—-multi-nucleon interactions [3]. At the same time, these sys-
tems offer stringent tests of bound-state QED in few-body systems [14, 15]. Their x-ray transitions lie in
the 15-40keV energy range, with expected strong-interaction widths spanning from 40 to 800 eV. In this
context, a detailed characterization of the spectroscopic response of the SIDDHARTA-2 SDD system over
an extended energy range is mandatory. To this end, a dedicated study of the SDD energy response from
10 to 50keV has been performed for the first time.

2. The SIDDHARTA-2’s SDDs

The SIDDHARTA-2 experiment employs an x-ray spectroscopy system based on large-area monolithic
arrays of SDDs. The system consists of 48 arrays for a total of 384 SDD units, covering an active area
of 245 cm?, and is arranged around the SIDDHARTA-2 cryogenic target cell to detect x-rays from the
de-excitation of kaonic atoms produced in the target [5]. The SDD, shown in figure 1, consists of a n~
silicon substrate with ring-shaped p* implants on one side and a shallow p* entrance window on the
other, providing homogeneous sensitivity over the detector area [16—18]. Each monolithic SDD array
(figure 1), developed by Fondazione Bruno Kessler (FBK, Italy) in collaboration with the Politecnico di
Milano (PoliMi, Italy), INEN-LNF and Stefan Meyer Institute (Austria), consists of eight squared SDD
cells, arranged into a 2 x 4 configuration, with an active area of 8 x 8 mm? each, providing a total active
area of 5.12 cm? per module with a 1 mm dead region along the device’s borders. The detectors operate
via electron drift in a fully depleted n-type silicon bulk, with charge collected at a small central anode.
The n~ silicon substrate is 450 1 m thick, providing a detection efficiency above 85% in the 4-12keV
energy range [10]. A defining characteristic of SDDs is the small anode capacitance (=100 {F), result-
ing in reduced electronic noise and high energy and time resolutions, independent of the active detector
area. Each SDD array is coupled to eight complementary metal-oxide semiconductor low-noise, pulsed
reset, charge sensitive cryogenic pre-amplifier, named CUBE [19, 20], integrated on the ceramic car-
rier. Thanks to this pre-amplifier system, the SDDs’ performance is stable even when exposed to high
and variable particle rates. The output of the CUBE pre-amplifier is connected to an application spe-
cific integrated circuit (ASIC) called SFERA (SDDs Front-End Readout ASIC) [21, 22], which performs
analog shaping and peak detection of the signals.

3. SDD calibration procedure and energy response

This study characterizes, for the first time, the energy response of the SIDDHARTA-2 SDD system up to
50keV, as required for future high-energy kaonic atom measurements [3, 12, 13]. The calibration was
performed by measuring the energies of the fluorescence lines emitted by several elements. To cover

the energy range up to 50 keV, two data sets were used. The first set was acquired during a data taking
with DA®NE’s beams in collision mode. This set of data exhibits fluorescence lines, arising from excit-
ations of the materials of the setup, in the 10-30 keV energy range. The second set of data was specific-
ally collected with the goal to test the goodness of the calibration procedure at ~ 50keV: this specific
data taking was performed with a 3~ ?°Sr source to excite the x-ray fluorescence lines of a ' Tm target.
In table 1 the nominal values of the energies of all the transition lines used to perform this study are
reported [24].

The calibration of each SDD over this extended energy range is performed with a linear calibration
function exploiting the transition lines with the highest statistics, namely BiL,, PdK,, and AgK,. The
BaK,;, TmK,, and TmK,,; transition lines are then employed to assess the accuracy of the resulting
energy calibration up to 50keV. The first step of the procedure was a fit of the measured spectrum of
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Figure 1. Above: picture of an SDDs array used by the SIDDHARTA-2 experiment, adapted from [23]. Below: schematic repres-

entation of the SDD and of the charge collection process. Reproduced from [23]. © The Author(s). Published by IOP Publishing
Ltd. CC BY 4.0.

Table 1. Fluorescence x-ray lines used for calibration
and their nominal energies [24], following the
TUPAC notation [25]. With the exception of the Ba
and Tm lines, the reported energies correspond to
the intensity-weighted mean of the individual
components contributing to each transition.

Element Transition Energy (keV)
Bi L3-Ms + L3—-My (Lo ) 10.828
Bi L-My + Ls—Ns (Lg) 13.009
Pd K-L3 + K-L, (Ka) 21.122
Ag K-L; + K-L, (Ka) 22.103
Ba K-L; (Ko, ) 32.194
Tm K-L; (Ka,) 49.773
Tm K-Ls (Ka,) 50.742

each SDD for the run with beams in collision to extract the position, in ADC (analog to digital con-

verter) counts, of the transitions centroids and their FWHM. Each peak is described by a Gaussian
function:

Gain  —G—x)?
G(x):%e = (1)

where x; is the mean value of the Gaussian, o its standard deviation (width), and Gain is a normaliz-
ation factor proportional to the peak amplitude. This is summed to a tail function to account for the
low-energy contributions [26]:

Gain G=x) 1 X — X 1 )
T(x)= e Po T erfc +—1, 2
=) 280 ( V2o V2B @
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Figure 2. Above: fit of the calibrated energy spectrum for the run in beams collision mode, obtained by summing up all the
SDDs’ calibrated spectra. Below: fit of the calibrated energy spectrum obtained with a '*Tm target.

where 3 is the slope parameter of the tail function. All parameters were left free in the fit. The FWHM
of each peak increases with energy according to the relation:

2
FWHM (E) = 2v/2In2 - { | wFE + (2?2) , (3)
n

where w is the mean energy required to create an electron—hole pair in silicon (~3.71eV), while F and
N represent the Fano factor and the intrinsic electronic noise of the SDDs, respectively. To account for
the intrinsic widths of the K,, and K,, transitions of Tm [27], a Voigtian profile was used in the fit,
defined as a convolution of a Gaussian with a Lorentzian function:

T (x—x")" +(7/2)°

V(x) = I GLme—‘(XIz}))z . 1 /2 dx’, (4)
— o 2mo

where 7y is the Lorentzian width at half-maximum. In the fit, the Lorentzian widths were fixed to the

tabulated values reported in [27], namely 34.6eV and 34.9 eV for the Koy and Ko, transitions, respect-

ively, while the remaining parameters were left free. The energy calibration of each detector is obtained

by fitting the measured peak positions with a first-order polynomial function:

Ereas = §- ADCrpeas + ¢, (5)

where ADCe,s represents the measured centroid position of each calibration peak in ADC channels, g is
the calibration gain and c¢ the intercept. After calibration, the spectra of all SDDs are summed to obtain
the overall energy-calibrated spectrum shown in figure 2.
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Figure 3. Residuals of the x-ray transitions of interest with the calibration performed with a linear fitting function.

Table 2. Residuals of the measured energies
from their nominal values (see table 1).

Transition Residual AE (eV)
BiL, 0.79+0.43
BiLg 4.22+0.20
PdK,, —5.834+0.23
AgKa —5.8140.09
BaKq, 29.10£0.73
TmKe, 30.80 £+ 20.19
TmKe, 21.90 £ 12.64

The residuals of the measured energies (Emeas) Of the transition lines from their nominal values (Ep)
(see table 1) were extracted to evaluate the linearity of the SDDs’ energy response and their relative
accuracy in measuring energies. The plot of the energy residuals, defined as AE = (Epeas — Eiap ), for the
transition lines with the highest statistics and for the Ba and Tm transitions is reported in figure 3 and
their values are presented in table 2. The errors correspond to the fit uncertainties on the peak positions.
The larger error bars on the K,; and K, lines of Tm arise from the lower statistics collected during the
measurement with the ®*Tm target. The SDDs show a linear energy response in the 10-50 keV range
with relative precision AE/E < 1077,

To demonstrate the goodness of the achieved calibration accuracy for future kaonic atoms meas-
urements, table 3 reports the expected energies, strong-interaction shifts and widths of selected kaonic
atoms (Li, Be, B) on transitions in the 15-50keV energy range targeted by EXKALIBUR [3, 12, 13]. The
expected strong-interaction shifts, of order 30-200 eV, are well above the achieved energy-scale precision
in the 10-50 keV range, allowing precise measurements of these transitions in future studies of kaonic
atoms.

Finally, the energy resolution of the SDDs is evaluated as the FWHM of the detected x-ray peaks.
This is obtained from the standard deviation o of the Gaussian component of the fitted peaks as FWHM
=2v/2In20. The uncertainties on the FWHM values are propagated directly from the fit errors of o.
The dependence of the FWHM on energy is shown in figure 4, together with a fit to the data based
on equation (3), where F and N were treated as free parameters. The best-fit values are F=0.11656 +
0.00007, in good agreement with previously published values [28], and N = (172 + 29) eV. When com-
pared with the strong—interaction widths of the kaonic atoms 2p transitions listed in table 3, which
range from a few tens of eV for kaonic lithium up to several hundred eV for kaonic boron, the achieved
energy resolution in the 10-50 keV range, reported in table 4, is fully adequate for resolving and extract-
ing O(100eV) strong-interaction-induced widths in the >20keV range.
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Table 3. Energies, strong-interaction widths and shifts of
selected kaonic atoms 2p transitions targeted by the
EXKALIBUR experiment [3, 12, 13]. All values are given in

eV.

Isotope E3q2p € Iy
OLi 15152.3 -2.8 44
"Li 15329.9 —32 54
8Be 27515.8 —34.8 225
°Be 27708.4 —36.8 247
10 43567 —170 718
1B 43767 —179 757

450

400

FWHM [eV]
w
3

300

250

10000 15000 20000 25000 30000 35000 40000 45000 50000
Energy [eV]

Figure 4. FWHM of the measured x-ray transition lines as function of the energy obtained with the linear calibration.

Table 4. FWHM of the measured x-ray
transition lines.

Transition FWHM (eV)
BiL, 235.50 +0.01
Bilg 257.97 +0.40
PdK,, 280.60 £ 0.75
AgKy 286.26 +0.27
BaKq, 335.345.1
TmKq, 423+ 44
TmKg, 396 + 28

4. Conclusions

The SIDDHARTA-2 SDD system has been characterized over an extended energy range up to 50 keV,
confirming its suitability for future high-precision x-ray spectroscopy of kaonic atoms [3, 12, 13]. The
linear calibration function provides a relative energy precision better than 107> across the 10-50 keV
range, validating the linearity and stability of the system. The achieved energy resolution and calibration
accuracy allow precise and reliable measurements of the expected strong-interaction shifts and widths of
kaonic atom transitions in the EXKALIBUR program (table 3).

These results demonstrate that the SIDDHARTA-2 SDD system is capable of performing precision
measurements of kaonic lithium, beryllium, and boron x-ray transitions, providing a unique tool to
study kaon—-multi-nucleon interactions and bound-state QED effects in few-body systems. The achieved
performance opens the way for extending the kaonic atom program beyond light systems, enabling sys-
tematic studies of intermediate-mass and heavy kaonic atoms with transition energies up to 50 keV.
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The demonstrated linearity, energy resolution, and calibration accuracy ensure reliable measurements
of strong-interaction-induced energy shifts and broadenings in future kaonic atom studies.
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