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Abstract
The SIDDHARTA-2 experiment at theDAΦNEcollider aims to perform thefirst kaonic deuterium
x-ray transitions to the fundamental levelmeasurement, with a systematic error at the level of a few
eV. To achieve this challenging goal the experimental apparatus is equippedwith 384 SiliconDrift
Detectors (SDDs) distributed around its cryogenic gaseous target. The SDDs developed by the
SIDDHARTA-2 collaboration are suitable for high precision kaonic atoms spectroscopy, thanks to
their high energy and time resolutions combinedwith their radiation hardness. The energy response
of each detectormust be calibrated andmonitored to keep the systematic error, due to processes such
as gainfluctuations, at the level of 2–3 eV. This paper presents the SIDDHARTA-2 calibrationmethod
whichwas optimized during the preliminary phase of the experiment in the real background
conditions of theDAΦNE collider, which is a fundamental tool to guarantee the high precision
spectroscopic performances of the systemover long periods of data taking, as that required for the
kaonic deuteriummeasurement.

1. Introduction

The study of the strong interaction is themainmotivation for the exotic hadronic atoms experiments [1].
Among the exotic atoms experiments, the kaonic atoms spectroscopy plays a special role, since it allows to obtain
direct information about the strong interaction in the strangeness sector in the non-perturbative regime [2–4],
in particular themeasurement of kaonic deuterium is of fundamental importance to extract the isospin
dependent antikaon-nucleon scattering lengths [5].Within this framework, the progress in the x-ray detection
technology has been fundamental, leading to the realization of high spectroscopic performance devices, able to
operate in the high background present in particle colliders and accelerators [6]. Over the years, the detector
technology improvements allowed to obtain an increase of the signal-to-background ratio and, consequently, to
perform evenmore precisemeasurements. Themain advantage in the use of semiconductor x-ray detectors lies
in the fact that the energy required to create electron-hole pairs is very low compared, for example, to a gas
detector, leading to a higher energy resolution. The breakthrough in the development of silicon detectors for
x-ray spectroscopywas the introduction of the SiliconDrift Detectors (SDDs). SDDs, developed from the Silicon
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Drift Chamber technology introduced byGatti andRehak [7, 8], are nowused for high precision x-ray
spectroscopy thanks to their high energy resolution, rate capability and timing information.

Table 1 shows a comparison of themain characteristics of the silicon detectors used for x-ray spectroscopy.
The Si(Li) detector [9] and theCharge-CoupledDevice (CCD) [10]were typically used for kaonic atom
experiments, but then the application of SDDs for x-ray spectroscopy allowed to perform experimentsmuch
more accurately with respect to the past, thanks to their high energy and time resolutions. SDDswere firstly used
for x-ray spectroscopy in the E570 experiment at KEK 12GeV-PS to solve the ‘kaonic helium-4 puzzle’ [11].
Subsequently, the SIDDHARTA experiment at INFN-LNF employed these detectors to perform themost
precisemeasurement of the kaonic hydrogen [12] and also thefirstmeasurement of kaonic helium-3 [13]. New
SiliconDrift Detectors (SDDs-CUBE) have been developed specifically for the SIDDHARTA-2 experiment [6],
with improved performances with respect to the SDD-JFET (see section 2) used for the SIDDHARTA
experiment, with the aim to perform the challenging and unprecedented kaonic deuteriummeasurement. In
this paper we report the spectroscopic response of the SIDDHARTA-2 SDDs, focusing on the optimization of
the calibrationmethod of the device, as a fundamental tool for the kaonic deuteriummeasurement.

2. The silicon drift detectors

2.1.Working principle
Theworking principle of a SDD is based on the to p–n diode technology. A large depleted region is created in the
silicon bulk, and the electron-hole pairs, generated by the incident radiation, are separated through a reverse
polarization field. After the complete depletion of the siliconwafer, a second electric field is superimposed to
transport the charges to the collection anode. The SDDs used by SIDDHARTA-2 have a cylindrical shape and are
formed by a n− silicon bulk, with ring-shaped p+ strips on one side and a p+non-structured layer (entrance
window) on the other side to give a homogeneous sensitivity over the entire detector area. The n+ collecting
anode is placed in the center of the ring shaped strips (seefigure 1). A negative voltage, with respect to the n+

anode, is applied to the p+ entrancewindow and the p+ ring strips on the opposite side, to fully deplete the n-type
bulk. The negative voltage of the p+ rings increases from the ring next to the n+ anode to the outermost one. The
voltage of the outermost ring is twice that of the back contact [16]. This voltage configuration generates a ‘gutter-
like’field [14] that transports the charges to the collection anode. Figure 1 shows the cross section of the SDD
and the diagonal shape of the drift field inside the bulk. The electrons generated inside the depleted volume of
the detector by the incident radiationwill therefore drift to the n+ collecting anode. Instead, the holes are
collected by the reverse biased p+ regions. A junctionfield-effect transistor (J-FET)designed towork on a fully

Figure 1. Schematic layout of a cylindrical SiliconDrift Detector. The dotted line represents the diagonal shape of the drift field inside
the bulk.

Table 1.Comparison between silicon detectors for x-ray spectroscopy.

Detector Si(Li) [9] CCD [10] SDD-JFET [14] SDD-CUBE [15]

Effective area (mm2) 200 724 3 × 100 8 × 64

Thickness (mm) 5 0.03 0.45 0.45

Energy resolution (eV) at 6 keV 410 150 160 140

Drift time (ns) 290 — 800 400

Experiment KpX DEAR SIDDHARTA SIDDHARTA-2, E57
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depleted silicon substrate, can be installed close to the n+ anode, acting as first amplifying stage [14]. The
integration of the transistor onto the SDD ensures thematching of the input capacitance of the J-FET to the
output capacitance of the detector.Moreover, a resetmechanism is included to remove the charge accumulated,
due to the leakage current and the signals, by opening a path for the electrons from the anode to the clear contact.
The reset pulse is performed by applying a positive voltage pulse to the n+ clear contact.

The small capacitance of the anode is themain feature of the SDDs. It provides a lower rise time, high
amplitude of the output signal, and consequently less electronic noise and high energy and time resolutions.
Moreover, the capacitance is independent from the detector’s active area, allowing to produce detectors with a
large area.

2.2. The SiliconDriftDetectors for the SIDDHARTA-2 experiment
Newmonolithic SDD arrays (see figure 2) have been developed by Fondazione BrunoKessler (FBK, Italy) in
collaborationwith Politecnico diMilano (PoliMi, Italy), IstitutoNazionale di FisicaNucleare—Laboratori
Nazionali di Frascati (INFN-LNF, Italy) and StefanMeyer Institute (SMI, Austria), for the kaonic deuterium
measurement at INFN-LNF (SIDDHARTA-2 experiment) and J-PARC (E57 experiment [6]).

Amonolithic SDDs array consists of eight square SDD cells, eachwith an active area of 8× 8mm2. The
450μmthick silicon bulk allows to achieve an efficiency of almost 100% for x-rays in the energy between
5-12 keV,which corresponds to the region of interest for the kaonic deuteriummeasurement [6]. The individual
SDD cells are arranged in a 2× 4 array with a 1mmdead region along the device’s borders. The siliconwafer is
glued on an alumina ceramic carrier, which provides the polarization voltages, and screwed on an aluminium
holder. This high thermal conductive block protects the delicate detector bonding connections and is used to
cool down the SDDs to temperatures between 100K and 150K. The special ‘gear-wheel’ structure of the ceramic
carrier allows close packing of several SDD arrays, which is essential for optimizing the geometrical x-ray
detection efficiency. These SDD arrays belong to an improved technologywith an average leakage current of 25
pA/cm2 at room temperature [17]. A very significant improvement is the change of the preamplifier system from
the J-FET to a complementarymetal-oxide semiconductor integrated charge sensing amplifier, namedCUBE
[18]. For each SDD cell, the CUBE is placed on the ceramic carrier as close as possible to the collecting anode and
connected to it with a bondingwire. Thanks to the newpreamplifier CUBE, the SDDs’ performances are stable
evenwhen exposed to high and variable charged particle rates [18].Moreover, the drift time is improved by a
factor of two compared to the SDD-JFET thanks to the possibility to cool down the SDD-CUBE to 100K. The
signals are processed by a dedicated front-end electronics andDAQ system. The output of theCUBE is
connected to a commonASIC called SFERA (SDDs Front-EndReadout ASIC), an IntegratedCircuit performing
analog shaping and peak detection of the signals. Each SFERAwas designed by Politecnico diMilano to read 16
SDDs [19]. The SFERAmain shaper is characterized by a 9th order semi-Gaussian complex-conjugate poles
filter with selectable peaking times (from500 ns to 6μ s) and gains, while the fast shaper has afixed 200 ns
peaking time and is used for pile-up rejection. SFERA allows to acquire both timing and energy information for
multiple hits on the SDDs. Figure 3 shows a schematic representation of the analog chain block diagram
corresponding to a single SDD. The signal generated by the incident radiation consists of an electron packet that
can be represented as current pulse. It is collected at the anode of the SDD and is amplified by theCUBEwhich
represents thefirst element of the analog chain.During the data taking, the leakage current of the detector and
the electron packets charge theCUBE’s capacitor. The output consists of a slow constant slope ramp due to the
leakage current, while the collection of an electron packet generates a rapid increase of the charge accumulated

Figure 2.An SDD array for the SIDDHARTA-2 experiment.
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on the capacitor. Thus, the collection of an electron packet produces a step on the ramp, this pulse is isolated
through a shaper, whose shaping time of 2μs is chosen tominimize the noise. Then, themaximumvalue of the
Gaussian output is processed by the Peak Stretcher circuit and the voltage signal is converted into a digital signal
through an analog-to-digital converter (ADC).

2.3. SiliconDrift Detector’s energy response
The SIDDHARTA-2 experimental apparatus [20], currently installed at theDAΦNE collider [21, 22] of INFN-
LNF, uses 48 SDDarrays, for a total amount of 384 SDDs. Each SDDwas characterized before installation in the
setup. The laboratory tests show that the energy response of the SDDs is linear within 2-3eV in the energy range
4.5-12 keV and the energy resolution is 140 eV at 6.4 keV [15]. Given the excellent spectroscopic response of the
SIDDHARTA-2 SDD system [23], proven during theDAΦNEbeam commissioning phase in the high energy
particle background of the collider, the definition of a robust calibrationmethod and a stability check of the SDD
system aremandatory to achieve the high precision kaonic deuteriummeasurement aimed by the
SIDDHARTA-2 experiment.

3. SDD calibration and stability

3.1. Calibrationmethod
Figure 4 shows a schematic view of the SIDDHARTA-2 calibration system. The SDDs are placed around the
cryogenic target cellmade of high purity aluminium structure and 75μmthickKaptonwalls. The energy
calibration of the SDDs is performed using two x-ray tubes installed on two sides of the vacuum chamber, and a
multi element targetmade of high purity titanium and copper strips placed on the target cell walls (seefigure 5).
The x-ray tubes induce the fluorescence emission of the target elements and the characteristic Kα andKβ

transitions are detected by the SDDs. Figure 6 shows a typical calibration spectrum for a single SDD. The
titanium and copper lines are clearly visible togetherwith theMnKα, Fe Kα andZnKα lines produced by the
accidental excitation of other components of the setup.

The energy response function of the detector is predominantly aGaussian curve for every fluorescence x-ray
peak; however the response has a low energy component due to the incomplete charge collection and electron-
hole recombination [24–26]. Thus, the total peak fit function is formed by two contributions:

• Gauss function.Themain contribution to the peak shape. Thewidth of the peak (σ) is described as a function
of the Fano Factor (FF), the electron-hole pair energy creation (ò) and the electronic and thermal noises
(noise):

( ) · · · ( )
( )

G x
A

e FF E
noise

2 2.35
1G

2

2

x x0 2

2 2

ps
s= = +s

- -

Figure 3. SDD analog chain block diagram.
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• Tail function.An exponential function to reproduce the incomplete charge collection:

⎜ ⎟
⎛
⎝

⎞
⎠

( ) · · ( )T x
A

e erfc
x x

2 2

1

2
2T

1
2 0

x x0
2

bs s b
=

-
+b

+bs
-

The constantsAG andAT are the amplitude of theGauss andTail functions, respectively. Theβ parameter is the
slope of the tail, while erfc is the complementary error function. A constant function plus an exponential are used
to reproduce the background shape.

Only the Ti Kα andCuKα peaks are exploited to calibrate the detectors, since they have the highest signal-to-
background ratio. TheKα peak is the convolution of two transition lines, Kα1 andKα2. Thus, the calibration
peakswere fitted using gaussian and tail functions for each component, to improve the calibration accuracy.
Since the detector response is linear [23], the energy distance between theKα1 andKα2 was set to the reference
value as well as was the relative amplitude [27].

Figure 4. Schematic layout of the SIDDHARTA-2 calibration system. The target cell, the SDDswith the Front-End-Electronics (FEE)
and the x-ray tubes are visible above theDAΦNEbeam line.

Figure 5.Target cell andmulti elements target used for the SDD calibration.
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The FeKαpeak, not included in the determination of calibration parameters, can be used to evaluate the
goodness of the calibration itself. After summing the calibrated spectra for all the SDDs, afit was performed to
obtain the energy position of the FeKα peak. The deviation of the Fe Kαwith respect to the tabulated reference
value [27] is 2.0± 0.1 eV, which characterizes the accuracy of the calibrationmethod, compatible to the linearity
of the system.

3.2. Stability
The stability of the SDDs is crucial to performhigh precisionmeasurements because it reflects a possible source
of systematic error for the SIDDHARTA-2 experiment.Moreover, a stable systemneeds fewer calibration runs
during the kaonic atoms data taking and consequently will increase the experiment’s runtime. For these reasons,
stability is a fundamental parameter that needs to bemonitored carefully.

Since the linearity of the SDDs is within 2-3 eV, the stability of the system should be at least at the same level.
During thefirst phase of the SIDDHARTA-2 experiment, which took place from June 2021 to July 2021, we
monitored the stability of the SDDs for about onemonth and an integrated luminosity of 30 pb−1. During this
period, five calibration runswere performed every∼6 pb−1 of data taken. For each SDD, the calibrationmethod
described in paragraph 3.1was used to control thefluctuation over time of theCuKα peak position. Infigure 7

Figure 6.Top: typical calibration spectrum for a single SDD in arbitrary units given byADCThe red line represents thefit function
obtained by convolution of a gaussianwith an exponential low energy tail for each peak together with a constant function plus an
exponential function to reproduce the background shape. Bottom: highlights of the various contributions to thefit function.
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the position of CuKα, given in arbitrary units of ADC, for several SDDs is shown. Thefluctuations of theCuKα

position are about 0.5 channels, which corresponds to∼1.5 eV. This result proves that the stability of the
SIDDHARTA-2 SDD system is suitable to performhigh precision kaonic atomsmeasurements, when
calibration runs every∼6 pb−1 of integrated luminosity are performed.

It is also important that the energy response of the detectors is stable and independent of the counting rate,
since during the beam injection the SDD rate can increase up to several hundreds ofHz, and then gradually
decrease to a few tens ofHz. For this, we performed two types of calibration runs varying the voltage and current
parameters of the x-ray tubes in order to obtain two different counting rates (60 Hz and 600Hz). Figure 8 shows
the difference inCuKα peak position for high and low counting rates for several SDDs. Formost detectors the
difference is almost zero, for the others the fluctuation is compatible with the accuracy of the calibration. In
conclusion, the energy response of the SDD system can be considered independent of the counting rate,
within 1 eV.

4. Conclusions

Precision x-ray spectroscopy of light kaonic atoms requires state-of-the-art silicon detectors tomeet the
demands of high energy and time resolutions, as well as radiation hardness. In this context, innovative SDDs
have been developed by the SIDDHARTA-2 collaboration to perform the challenging kaonic deuterium
measurement. The SDD calibrationmethodwas tested during thefirst phase of the SIDDHARTA-2 run and its
performance is described in this paper. The design of the calibration system and the detailed analysis of the
spectrawere driven by the requirement of an accuracy of the calibration at the level of 2-3 eV to be consistent
with the SDDs’ linearity. The optimizedmethod has been applied also to define the long-term stability and the
independence from the rate of the SDDs spectroscopy response. The results presented in this paper show that the
SIDDHARTA-2 SDD systemperformances are suitable to accomplish the challenging kaonic deuterium
measurement with a systematic error at the level of a few eV, keeping its high precision x-ray spectroscopy
response stable over thewhole data taking period.

Figure 7.CuKα peak position, given in arbitrary units of ADC, as a function of time for several SDDs calibration runs.
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