
Measurement Science and Technology

PAPER

Large area silicon drift detectors system for high
precision timed x-ray spectroscopy
To cite this article: M Miliucci et al 2022 Meas. Sci. Technol. 33 095502

 

View the article online for updates and enhancements.

You may also like
Charge collection in the Silicon Drift
Detectors of the ALICE experiment
B Alessandro, R Bala, G Batigne et al.

-

Characterization of the ALICE Silicon Drift
Detectors using an infrared laser
G Batigne, S Beolé, E Biolcati et al.

-

An accurate calibration method of a
combined measurement system for large-
sized components
Zhilong Zhou, Wei Liu, Yuxin Wang et al.

-

This content was downloaded from IP address 193.205.228.106 on 24/06/2022 at 10:14

https://doi.org/10.1088/1361-6501/ac777a
/article/10.1088/1748-0221/5/02/P02008
/article/10.1088/1748-0221/5/02/P02008
/article/10.1088/1748-0221/3/06/P06004
/article/10.1088/1748-0221/3/06/P06004
/article/10.1088/1361-6501/ac7778
/article/10.1088/1361-6501/ac7778
/article/10.1088/1361-6501/ac7778
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsu7Zi-LxogrJ3byNuE3w3VQKAU6cfh0yDBBbUN2VB4F_IsI0FRFeafKkPm2YDzVOuvciSks83xVAioOzzOtK7ThfswT4Gug3VIdKG_KOLMttwTjrXSlXlqJ3DEf4Kkkk824Tqr9sy3htN1SmWUvt-TcgkHaOwdAUpZwVqzMnl-M5OU5_h6UTRAADwNThwaPzfqYP_5tVPEvFKeS9AuNn5ltbh8Hy0fI48DVk2UWqDNOTF-TFi7c_HSGXRic-SX1lSNw_7tSJHkldVcC8zy54qQvrdRn8p_R_NuxxuEpRmox0A&sig=Cg0ArKJSzOp850i_2nRm&fbs_aeid=[gw_fbsaeid]&adurl=https://physicsworld.com/c/medical-physics/


Measurement Science and Technology

Meas. Sci. Technol. 33 (2022) 095502 (10pp) https://doi.org/10.1088/1361-6501/ac777a

Large area silicon drift detectors
system for high precision timed x-ray
spectroscopy

M Miliucci1,∗, M Iliescu1,∗, F Sgaramella1,∗, M Bazzi1, D Bosnar2, M Bragadireanu1,3,
M Carminati4, M Cargnelli5, A Clozza1, C Curceanu1, G Deda4, L De Paolis1,
R Del Grande1,6, C Fiorini4, C Guaraldo1, M Iwasaki7, P King4, P Levi Sandri1,
J Marton5, P Moskal8, F Napolitano1, S Niedźwiecki8, K Piscicchia1,9, A Scordo1,
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Abstract
The current work presents the optimization of large area silicon drift detectors developed by the
SIDDHARTA-2 collaboration for high precision x-ray measurements of light exotic atom
transitions. Two different radiation sources were employed in the study: an x-ray tube, for
investigating the energy resolution and the charge collection efficiency of the device in the range
4000 eV–13 000 eV, and a β− 90Sr radioactive source for measuring the timing response, thus
qualifying the charge drift parameters inside the semiconductor. The study reports the
spectroscopic response optimization, together with the tuning of the electron dynamics for the
given Silicon technology, by adjusting the applied electric field and the working temperature,
which allow a good control of the device’s performances for high precision, timed x-ray
spectroscopy applications.

Keywords: silicon drift detector, x-ray spectroscopy, charge dynamics, timing response,
energy response
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1. Introduction

The silicon drift detectors (SDDs) [1, 2], an evolution of the
silicon drift chambers [3] position-sensing devices, combine
the Silicon reverse bias p–n junction response to ionizing radi-
ation with an innovative drift field design which minimizes
the collecting anode area, resulting in a low-noise, high-rate
capability device, suitable for precision x-ray measurements.
The SDDs cover a wide range of applications [4–8], playing
a key role in the high precision x-ray spectroscopy of light
exotic atoms. In particular, the kaonic atoms spectroscopy rep-
resents a fundamental tool for probing the non-perturbative
regime of quantum chromodynamics in the strangeness sector,
with implications extending from particle and nuclear phys-
ics to astrophysics [9–12]. In 2009, the SDDs technology was
employed for the first time by the SIDDHARTA collaboration
[13], resulting in the most precise measurement of the kaonic
hydrogen (K-H) fundamental level shift and width induced
by the strong interaction, at the DAΦNE collider [14, 15]
of Istituto Nazionale di Fisica Nucleare—Laboratori Nazion-
ali di Frascati (INFN-LNF). Presently, the SIDDHARTA-2
collaboration is ready to perform the analogous kaonic deu-
terium (K-d) 2p→1s transition measurement. Theoretical cal-
culations [16–18], estimating one order of magnitude lower
yield for K-d transition with respect to the K-H one [19],
were used in a Monte Carlo simulation, predicting a preci-
sion of about 30 eV for the determination of the strong inter-
action shift and 80 eV for the corresponding width for an
integrated luminosity of 800 pb−1 [11]. The range of interest
of SIDDHARTA-2 spans from 4000 eV to 12 000 eV, match-
ing the SDDs’ high quantum efficiency range (>85%, for a
450µm thick Silicon wafer). Given the low expected yield (in
the range of 10−3), an accurate optimization of the detectors’
spectroscopic response is required for the ambitious and dif-
ficult measurement of kaonic deuterium. This work presents
the laboratory optimization of the SIDDHARTA-2 SDDs sys-
tem using two different excitation sources (an x-ray tube and
a 90Sr radioactive source), for a thorough investigation of the
employed technology in terms of spectroscopic response and
charge drift dynamics.

2. Large area SDDs

New monolithic large area SDD arrays (figure 1) have been
developed by Fondazione Bruno Kessler (Italy), together with
Politecnico di Milano (Italy), LNF-INFN (Italy) and Stefan
Meyer Institute (Austria), for high precision kaonic atoms
spectroscopy. Each array consists of eight cells of 8 × 8mm2

each, disposed in a 2 × 4 configuration on a 450 µm thick
Si wafer with 1mm dead region on the border, for an act-
ive/total area ratio higher than 80%. The wafer is glued on a
ceramic carrier which provides the polarization to the SDD
units and houses 8 dedicated CMOS low-noise, pulsed reset,
charge sensitive cryogenic pre-amplifier (CUBE [20]), bonded
to SDD anodes with a 2mm wire. Each SDD unit is square-
shaped on n− Si bulk, with a layer of p+ rings on one side,
circling the anode and coupled to a voltage divider for shaping

the drift field, while on the opposite side, a metalized p+ non-
structured layer forms the radiation entrance window and the
back contact.

The collecting anode is a small n+ implant located at the
centre of the rings, while the adjacent first p+ ring (R1) is neg-
atively biased. The bias progressively increases from R1 with
each successive ring up to the outermost one (RN), generat-
ing a staircase potential, while the opposite equipotential sur-
face (Back) is biased at a voltage with a fixed ratio VRN / VBack

[21]. This configuration grants full depletion of the Si bulk and
therefore a homogeneous sensitivity over the whole detector
area. The simulated equipotential plots for a radial section of
the detector (see section 3.1, figures 5(a) and (b)) shows a
funnel-shape potential with a diagonal maximum on which the
resulting drift field channels the radiation-generated electrons
from both back side and ring side, focusing them on the n+

collecting anode, while the generated holes are collected by
the reverse-biased p+ implanted regions (back and rings). The
small capacitance anode minimizes the effect of the preampli-
fier series noise, resulting in a large area device with low elec-
tronic noise and high-rate capability.

2.1. SDD optimization experimental setup

The SDD array under study was installed inside a 500mm
× 300mm × 300mm Aluminium vacuum chamber with a
150µm thick, 60mm diameter Mylar window on top, two
vacuum pipes on the side for the pumping system and cryo-
genics and vacuum feed-troughs for slow controls, detector
bias and signals (figure 2). The device is mounted on a cold
finger connected to the cooling head of a closed-cycle expan-
sion cryostat. An 80 l s−1 dry turbo molecular pump and a
dry multistage scroll pump grant the high vacuum (P = 5 ×
10−7 mbar) required for thermal insulation and for preventing
contaminants and ice condensation on detector’s surface. The
pressure is read by a full-range vacuum gauge. The device is
cooled down at a mean rate of 1K min−1 and a proportional–
integral–derivative feedback heater allows fixing the set point
value between 100K and 250K, with a stability of 0.2K.

A set of resistance temperature detectors placed from the
detector vicinity up to the cooling head, provide the temperat-
ure readings.

Two configurations, matching the two radiation sources, as
shown in the figures 2(a) and (b), were used to determine the
SDDs’ properties. The first one, illustrated in figure 2(a) was
dedicated to the SDDs’ energy response in the range 4–13 keV.
A target made of strips of Titanium, Iron, Copper, and epoxy-
encapsulated Potassium Bromine was attached on an Alu-
minium support and positioned obliquely at 45◦ in front of
the Mylar window. An x-ray tube (Oxford Instruments HXR
55-50-01) placed 100mm away from the target provides a
divergent beam, parallel to the entry window. When operated
at 23 kV and 10µA, the tube irradiates the target elements,
inducing their x-ray fluorescence, subsequent to the photoelec-
tric excitation. The Kα and Kβ transition photons are detec-
ted for all the target elements, covering the above-mentioned
range, while delivering a flux of about 1KHz on each detector
surface. The 45◦ positioning of the target avoids direct shining
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Figure 1. Left: detail of the single cell rings shape. Right: picture of the SIDDHARTA-2 silicon drift detectors 2 × 4 array screwed on the
aluminium block. The red rectangle defines the active area of the device (5.12 cm2) given by the eight cells of 0.64 cm2 each.

of the x-ray tube through the window, while maximizing the
ratio between the detected fluorescent photons and the incident
activation beam.

The signals coming from the detectors are buffered by
CUBE, installed on the detector ceramics a few mm from the
anode, then processed by a dedicated linear low-noise front
end ASIC (SFERA [22, 23]) and by a custom-build DAQ,
based on National Instruments FPGA boards and ADCs. The
signal processing chain has demonstrated the ability to handle
high rates of x-ray photons, while preserving the integrity of
the information evenwhen the detectors are operated under the
high background environment of a particle collider [24].

The configuration shown in the figure 2(b) was used to
extend the SDDs study to their time response, using a β− 90Sr
source. The source generates x-ray lines by fluorescent excit-
ation of the multi-element (Fe, Cu) target. In addition to the
energy deposited by the photons, the β− source allows extract-
ing the timing information, using as reference a fast pulse
provided by a thin scintillator through which the emitted elec-
trons pass before hitting the target. Given the low β− fluores-
cence activation rate (below 2Hz) and the required time res-
olution, a second DAQ chain, equipped with 1Gs s−1 Flash
ADCs (ten times better time resolution than the standard
ASIC-FPGA-ADC one) was used. The CUBE-buffered x-ray
signals, reproducing the anode charging, are seen as a saw-step
on the leakage ramp and were processed by a three-line fit pro-
cedure described in [25], allowing to record both the energy
and timing information for each detected event.

3. The spectroscopic response

3.1. Energy response

The study of the SDDs’ energy response, as a function of the
bias voltages, has been performed for optimizing the drift field
parameters, by comparing the spectroscopy results with the
simulation of the collection path efficiency. An external DC
power supply provided the main voltage (VD), and a voltage

divider sets the VRN at 0.75·VD and VBack at 0.66·VRN, while
keeping fixed the VR1 at −15.0V.

For convenience, although bias voltages are negative (for
drifting electrons towards the anode) only the absolute values
will be reported in the following.

The energy response of the device to a specific fluores-
cence line is described by a Gaussian and a low energy tail,
the last related to inefficiencies in charge collection. The over-
all fit equation consists of a sum of Gaussians and tail func-
tions [26–28] for the fluorescence peaks and a first-degree
polynomial for the background. The fit procedure has been
performed using MINUIT, through MIGRAD minimizations.
As an example, figure 3 shows the fitted spectrum, in ADC
channels, obtained at a temperature of 122.1± 0.2K under an
applied VD of 140.0 ± 0.1V, by the excitation of the multi-
element (Ti–Fe–Cu–Br) target with the x-ray tube, operated at
23 kV and 10µA.

The Gaussian peak positions and their widths were used to
extract the linearity and the energy resolution of the detector.
The response of the system has been studied as a function of
the drift voltage (VD), in the range between 95.0 ± 0.1V and
180.0 ± 0.1V.

Only the Kα peaks were included in the calibration proced-
ure, due to their higher signal-to-background ratio. To determ-
ine the gain of the system in terms of eV channel−1, the
positions of the Kα peaks were plotted as a function of the
reference tabulated energies and a first-degree polynomial has
been used to fit the calibration points. The residuals are below
±3 eV for the full operating range of drift voltages, confirming
the linear response of system, as previously shown [24, 29].

The resolution dependence on the drift field shows a rel-
atively wide-range stable figure for values of VD between
100.0 ± 0.1V and 140.0± 0.1V. Figure 4 left shows the over-
lap of the spectra acquired at VD = 100.0 ± 0.1V, 140.0 ±
0.1V and 180.0± 0.1V, while on the right, the resolution val-
ues are plotted against VD, displaying a consistent broadening
of the peaks at 180.0 ± 0.1V. Since the spectra were acquired
in the same experimental conditions, the intrinsic statistical
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Figure 2. Drawing of the setup configuration for the optimization of the SDD operational regime through x-ray tube (a) and 90Sr source
(b) measurements.

fluctuations (FWHMintr.) and the electronic noise contribution
(FWHMnoise) cannot explain the resolution blowup, so a third
component, related to the incomplete charge collection effect
(FWHMc.c) [30], must be considered.

Hence, the equation for the energy resolution consists of
three terms:

FWHM2
TOT = FWHM2

intr. +FWHM2
noise +FWHM2

c.c.. (1)

A study of the charge collection efficiency has been per-
formed, combining the statistical analysis with numerical sim-
ulations. The number of events related to the incomplete
charge collection, estimated by the integral of the Tail func-
tion [26–28] obtained by fitting the Fe Kα peak, was compared
to the integral of the Gaussian component. A qualitative sup-
port of the analysis was provided by the simulation of the elec-
tric potential and the corresponding charge transport inside the
SDD, showing the electrons’ and holes’ drift path variations
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Figure 3. Fit of the SDD spectrum obtained at T = 122.1 ± 0.2K and VD = 140.0 ± 0.1V.

Figure 4. Left: the overlap of the spectra acquired at VD = 100.0 ± 0.1V, 140.0 ± 0.1V, 180.0 ± 0.1V with the x-ray tube at 23 kV–10
µA; Right: SDD energy resolution at Fe Kα line in the range from 95.0 ± 0.1 to 180.0 ± 0.1V.

with the applied bias. The simulations, based on the numer-
ical solutions of Poisson/Laplace equations, used the ROOT-
KDetSim shared libraries developed by [31–33]. The drift path
of the generated electron–hole pairs was numerically recon-
structed in steps, by applying the equations:

∆r= v(r) ·∆t (2)

v(r) = µ ·E(r) (3)

where E is the electric field, v and µ the velocity and mobility
of the charge, respectively.

Figure 5 compares the Gauss and Tail contributions of the
Kα Fe peak for drift voltages VD of 100.0± 0.1V, 140.0± 0.1
and 180.0± 0.1V. The total number of events (figures 5(a) and
(b), left) for VD = 100.0 ± 0.1V and VD = 140.0 ± 0.1V is
the same, within the statistical error, and so is the ratio between
the Tail and the Gauss components, both lower than 1%. Con-
sistently, the figures 5(a) and (b) (right) show the diagonal
transport field, crossing the equipotential surfaces inside the
device, and efficiently focusing the electrons to the anode, in
both cases. Increasing VD to 180.0 ± 0.1V, a reduced num-
ber of charges collected at anode is observed, demonstrated

by both the lower amplitude of the fluorescence peaks for the
calibrated spectrum (figure 4 left) and the downward shift of
the peak position in the raw data (figure 5(c) left). Further-
more, the number of Tail events is significantly higher and the
‘Tail to Gauss ratio’ rises up to 5%, as shown in figure 5(c),
left. The related simulation on the right confirms the exper-
imental observation, showing that a drift field created by an
applied voltage of 180.0 ± 0.1V is unable to efficiently focus
the electrons to the anode.

The event statistics in terms of Tail over Gauss ratio
(HT / HG) for all the spectra obtained by varying the drift field
in the range 95.0 ± 0.1V–180.0 ± 0.1V, are summarized in
figure 6. The energy resolution of the Fe Kα line (figure 4
right) is consistent with the tail behavior and remains stable
in the VD range from 100.0± 0.1V to 175.0± 0.1V, with val-
ues compatible with other low-noise Silicon x-ray detectors,
while a worsening is observed at 180.0 ± 0.1V.

In conclusion, it has been demonstrated that the SDDs have
a wide drift field operating range, so that the SIDDHARTA-2
SDDs drift field voltage will be set at 140.0 ± 0.1V, in the
middle of the good operation range, without drawbacks in
terms of the detector’s energy response, even for a common
polarization of the eight units.
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Figure 5. Left: evaluation of Tail events and Gauss events. Right: equipotential lines in a cross section of the SDD from the right edge of
the detector to the center, where the anode is placed (top-right). Drift paths of electrons and holes in blue and red, respectively. Comparison
between: (a) VD = 100.0 ± 0.1V; (b) VD = 140.0 ± 0.1V; (c) VD = 180.0 ± 0.1V.

3.2. Timing response

The response time of the device, defined as the time interval
between the charge creation and its anode collection, varies
with the position of the interaction point, with the drift field
and with the intrinsic properties of the semiconductor. Given
the small transverse distances, limited by the device thick-
ness (about 20 times smaller than the SDD side), one can
count as the main collection path the radial distance d from

the generation point to the anode, corresponding to an average
drift time defined as:

tdrift =
d
vdrift

=
d

µ ·E
(4)

where vdrift is the drift velocity of the charge carriers, µ is
the intrinsic mobility and E is the applied electric field. The
charge diffusion during the transport of a well-localized charge
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Figure 6. SDD energy response summary at different voltages in terms of the HT / HG.

Figure 7. Left: fit of the calibrated spectrum resulting from the photons detected by a single SDD using the 90Sr source to excite the Fe–Cu
target. Black dotted lines define the 3σ interval around the Cu Kα peak. Right: timing distribution of Cu Kα peak events (black dots line
defines the cut threshold). The measured timing resolution at 199.8 ± 0.2K is 297 ± 6 ns.

packet, produced by the point-like photoelectric effect has a
small contribution (≃10−8 s) to the total collection time [20].

Therefore, the time resolution of the detector is mainly
given by the drift time distribution of the charge packets
created by hits scattered all over the device area and, thus,
it depends on the geometry of the detector, on the voltage
applied and on the mobility. Having fixed the detector size
according to the experiment needs and the bias voltage as
described above, the subsequent study was oriented to the
only accessible parameter which controls the mobility, i.e. the
temperature.

A β− 90Sr source was used to excite the fluorescence x-ray
lines on the Fe–Cu target (figure 2(b)). A 1.5mm thick scintil-
lator, placed between the source and the target and read by two
Silicon Photomultipliers in coincidence mode, is traversed by
the emitted electrons and provides the reference trigger.

The activation rate is many orders of magnitude below the
one obtained with the x-ray tube and, therefore, the statistics
is reduced and so is the signal to background ratio. Given the
low rate and the required time accuracy, the data was acquired

through a Flash ADC sampling the waveform at 1Gs s−1.
Figure 7 left shows the energy spectrum at T = 119.8± 0.2K,
together with the fit function, used to define a 3σ selection
around the Cu Kα peak. The subsequent analysis refers only
to the Cu Kα line as it allows a more accurate range selection,
given the higher signal over background ratio. Consequently,
the time resolution measurement counts the photons detected
within the chosen 3σ energy range. The associated drift time
distribution is plotted in the figure 7 right. The time spectrum
corresponds to an overall window of 1.6µs (1 ns channel−1),
equivalent to the whole Flash ADC sampling buffer for the
given rate. The time reference is provided by the scintillator,
while the acquisition is triggered when both scintillator and
SDD provided a signal. The peak’s shape reflects the square
geometry of the detector, while the tail distribution is due to
the accidental events coming from the high-rate β− source and
was, therefore, excluded from analysis with a cut, as indicated
in figure 7 right.

The cut was selected such that the number of counted events
to correspond to 3σ equivalent of the timing peak distribution

7
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Table 1. Summary of the SDD timing response at different temperatures: ±20 ns variation to the 3σ threshold defines the systematic errors.

Temperature (K) δT (K) Entries ∆t Cu Kα (ns) Stat. (ns) Syst. (+) (ns) Syst. (−) (ns)

100.0 0.2 2996 250 5 2 −1
107.3 0.1 2327 273 6 0 −1
119.8 0.2 2907 297 6 1 0
127.5 0.3 2976 332 6 1 −1
138.3 0.2 3076 361 7 1 −1
147.5 0.2 1585 400 10 1 −1
157.8 0.2 2358 435 9 2 −2
178.8 0.4 2870 556 10 1 −1
198.1 0.2 3590 761 13 0 0

Figure 8. Left: SDD timing distributions, normalized to the total number of collected events, overlaped at 100.0± 0.2K (blue dots)—138.3
± 0.2K (black squares) and 178.8 ± 0.4K (red stars). Right: SDD time resolutions at Cu Kα line in the range from 100K to 200K (red line
corresponds to the equation (7) used for the fit).

(black dotted line). Given the specific time distribution related
to the intrinsic geometry and drift field of the unit, the time
resolution and its statistical error are defined in terms of root
mean square (RMS) of the time spectrum as follows:

∆tCu = 2.35 · RMS (5)

δ(∆tCu) =
2.35 · RMS√

entries
. (6)

Having set the drift voltage at 140.0 ± 0.1V as a result of
the optimization discussed in section 3.1, the dynamics of the
majority carriers (electrons) was reflected in the time response
of the device as a function of temperature.

Table 1 summarizes the SDD time resolution for the Cu Kα
line at different temperatures, including the systematic errors
due to the threshold cut variations on the drift time histogram.
Figure 8 left compares the response time distributions at 100.0
± 0.2K, 138.8± 0.2K and 178.8± 0.4K for the Cu Kα line,
normalized to the total number of collected events. The three
histograms are substantially different, showing the widening
of the drift time (defined as the width of the distribution), with
the temperature increment, coherent with the gradual reduc-
tion of the electrons’ mobility.

Since this intrinsic characteristic of the bulk follows a
power-law trend with the temperature, the SDDs’ response,

reflecting the electron travel time, can be expressed as a func-
tion of the carriers’ mobility. Integrating the equations (2) and
(3), the best fit function for the scatter plot in figure 8 right is
the following:

∆tCu = a ·
(
T
T0

)n

+ c, (7)

where T0 is 300K, while a and c are constants depending on
the material and on the applied bias. The reduced chi square
(χ̄2 = 1.16), with residuals within ±20 ns, shows the correct
transport modelling, directly correlating the SDDs’ time res-
olution to the mobility of the majority carriers.

Given that, it is possible to control the time response of
the detector between 100K and 200K. Furthermore, this fea-
ture is fundamental for a device performing precision x-ray
spectroscopy in a high radiation environment, allowing for the
selection of a narrow time window for the triggered events
under study and the rejection of the asynchronous accelerator
background. For the SIDDHARTA-2 experiment the MC sim-
ulations [11] estimate a significant improvement in the back-
ground rejection capability by using the new SDD detectors,
with a time resolution in the range 300–400 ns, to be com-
pared with the previous devices, characterized by resolutions
between 800 and 900 ns [11].
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4. Conclusions

The optimization of the operational regime of SIDDHARTA-
2’s experiment large area SDD arrays presented in this work is
based on the study of spectroscopic and time response of the
devices, fundamental for the high precision measurements of
kaonic atoms at the DAΦNE collider of INFN-LNF.

The energy resolution of the detectors proved to be stable
over a wide range of applied drift fields, allowing to set an
optimal bias voltage not sensitive to small variations in indi-
vidual array response. The electric field is limited to a max-
imum operating value by the anode charge collection ineffi-
ciency, which can be derived from the shape of the peaks,
showing, above a certain bias, a significant increment of the
Tail component with respect to the main Gaussian contribu-
tion, thus worsening the energy resolution. The SDDs time
response in the range from 100K to 200K follows a power
law trend in temperature, showing the charge packet drift time
variation associated to the temperature effect on the mobility.

The optimization of the SDDs functioning, supported by
numerical simulations, is important for performing high pre-
cision x-ray spectroscopymeasurements in the radiation envir-
onment of a collider, as well as in all those applications
requiring high performances in terms of energy and timing
resolutions.
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