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ARTICLE INFO ABSTRACT

Keywords: The Timepix4 is an application-specific integrated circuit developed by the Medipix4 collaboration. The chip
X-rays is a 448 x 512 matrix that can be connected, via bump-bonding, to pixelated sensors of various materials
Hybrid detectors and thicknesses, forming application specific detection systems. Among the Timepix4 operating modes, the

Pixel detectors

Energy calibration
Timepix4

Spectroscopic performances

data-driven Time-of-Arrival - Time-Over-Threshold is a particularly promising mode for spectral imaging
applications: data packets are generated every time the charge created by the incoming radiation goes above a
pre-defined threshold, allowing the count of the detected particles and their energy measurement. This article

investigates the spectroscopic characteristics of a Timepix4 assembly equipped with a 300 pm Si sensor, using
monochromatic X-ray beams in the energy range 8.5 keV-40 keV working at the SYRMEP beamline of the
Elettra synchrotron. The accuracy and the energy resolution of the reconstructed energy spectra, together
with an energy resolution model, will be presented.

1. Introduction

Timepix4 [1] is the last generation application-specific integrated
circuit (ASIC) of the Timepix family, developed by the Medipix4 col-
laboration [2]. The Timepix4 hybrid detection system comprises a
448 x 512 readout system connected via bump-bonding to semicon-
ductor sensors with a square pixel layout (55 pm pitch). Various
sensor materials and thicknesses can be used to optimize the detector
performances in several applications.

Each pixel of the ASIC comprises an analog front-end [3,4] and a
digital part [1]. In the former there are, a charge-sensitive amplifier and
a discriminator that compare the pre-amplified output with a threshold
value. The analog front-end can be configured in various gain modes to
cope different applications acting on a feedback capacitance; addition-
ally, the shape of the analogic pulse is influenced by the Krummenacher
current (Ikrum), which determines the return-to-zero time of the signal
and the system dead time. The threshold of the discriminator can be
adjusted at the pixel level via a local DAC, allowing the equalization

of the thresholds for all the pixels. When the discriminator output
is above the fixed threshold, the signal is digitized, and information
is stored in registers. Different operating modes are available: frame-
based photon counting, data-driven photon counting and Time over
Threshold (ToT) - Time of Arrival (ToA) data-driven. In the ToT-ToA
data-driven mode, output packets are generated every time a pixel is
hit, providing information on the events’ ToA, acquired with a time
bin of 195 ps, and on the signal’s ToT. After calibrating the detection
system, ToT can be used to measure the energy deposition of the
incident radiation in each pixel.

When radiation interacts with the sensor, energy is released, and an
electron-holes charge cloud is created in the semiconductor and driven
to the collection electrodes by an electric field. During the collection
process the charge cloud diffuse and, depending on its position, can
be shared among multiple pixels forming a cluster. By combining the
ToA and ToT information, it is possible to perform the clusterisation of
the hits reconstruct the individual events, and measure the deposited
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Fig. 1. Left: beam cross section on the detector (38 keV acquisition); the beam covers more than the entire length of the detector along the X-axis (28.2 mm), while along the
Y-axis, the vertical direction of the set-up, the beam extension is 3 mm. Right: Gaussian-like profile, defined by the tungsten slits, of the beam along the Y-axis: the profile extends

over 54 pixels.

energy. The size of clusters depends on the incident radiation, on the
released energy and on applied threshold.

In data-driven mode, information on the single hit is encoded in
64-bit data packets. The matrix readout is performed via up to 16 fast
links, each with a bandwidth of 10 Gb/s. Timepix4 is therefore capable
to process correctly up to approximately 3.6 -10% hits mm~2 s~!. The
detector’s ability to acquire data with a continuous energy spectrum,
even in high-rate conditions, makes it a very promising tool for spectral
imaging [5], and a systematic investigation of the Timepix4 spectral
capabilities is essential to understand its potential in X-ray imaging
applications.

In this work, we present the results of the analysis performed on
a dataset acquired using a tunable, monochromatic, synchrotron beam
as a radiation source to validate two different calibration procedures
and measure the energy resolution of a Timepix4 detection system with
respect to X-ray energy.

2. Materials and methods
2.1. Monochromatic photon beam

The acquisitions were performed at the SYRMEP (SYnchrotron Ra-
diation for Medical Physics) beamline of the Elettra Synchrotron in
Trieste [6]. The synchrotron radiation is monochromatized with two
Si (111) crystals in Bragg diffraction geometry; by acting on the angle
of the two Si crystals system with respect to the incoming synchrotron
beam, it is possible to select the energy of the photons in a range
between 8.5 keV and 40 keV, with an uncertainty of energy monochro-
macity AE/E ~ 2 - 1073, The beam’s intensity, monitored through an
ionization chamber, can be tuned either through the use of aluminum
filters or by de-tuning the second crystal of the monochromator. The
beam cross-section on the detector, shown in Fig. 1 (left), was defined
by tungsten slits. The beam width, 28.6 mm, is larger than the detector
extent, while in the vertical direction the beam is 3 mm high. The
vertical profile of the beam, shown in Fig. 1 (right), is Gaussian-like.

Eighteen X-rays energy values were selected in the available en-
ergy range: nine energy values were used to calibrate the detection
system, and the remaining energy values to measure the spectroscopic
performances of the detection system.

2.2. Measurement set-up

The used Timepix4_v2 detection system was equipped with a 300
pm thick Si p-on-n sensor produced by Advafab Oy [7] and reversed
biased at 100 V. To control the detection system, the Timepix4 was
connected to the SPIDR4 readout system produced by Nikhef [8],
which, in turn, is connected to the data acquisition PC exploiting the

1 Gbps Ethernet connection for the device configuration and using 2
of the 16 fast links, each operating at 2.56 Gbps, for data readout.
An in-house software allows to configure the system, acquire data and
monitor the acquisitions.

The measurements were performed in ToT-ToA data-driven mode.
The pre-amplifier was set in high-gain mode (feedback capacitance =
3fF), the Ikrum was set at 1.96 nA. The threshold was fixed at 1000 e~
(3.62 keV) and uniformed all over the matrix applying the equalization
procedure with a dedicated software.

To keep the Timepix4 temperature stable during the acquisitions, a
chiller was connected to the chipboard with a custom-made cooling
system. The chiller was operated at 15 °C, and the temperature of
the sensor was monitored during the acquisitions and it was in the
range 16 °-17 °C. The whole detection system was placed on a mo-
torized hexapod to control its position and its motion. An image of the
measurement set-up is shown in Fig. 2.

2.3. X-ray calibration

A specific procedure was developed to compute, pixel by pixel, the
conversion parameters necessary to determine the energy deposited by
the detected photons from the measurement of the ToT of the signal.
A series of flat fields images were acquired for nine energy values: 8.5
keV, 10 keV, 12 keV, 16 keV, 20 keV, 24 keV, 28 keV, 32 keV, 38 keV.
Each flat field was obtained through a scan, in which the Timepix4
detection system was moved vertically at a constant speed (2 mm/s)
to obtain a uniform irradiation of the surface with the laminar beam.
For each energy, an high number of events was acquired (4000 hits
per pixel) to reduce the statistical variability. To limit the size of each
acquired file, the beam’s intensity was adjusted to obtain approximately
100 hits per pixel in each scan and 40 scans were repeated at each
energy.

2.3.1. Data analysis

The acquired data were initially clustered using the information
on the ToA and the location of the hits. Since the calibration has to
be performed pixel by pixel, only the photon whose charge was fully
collected in a single pixel has to be considered: these corresponds to
events with cluster size equal to one.

The calibration procedure foresees several steps that are done in
succession. For each sampled energy, the measured ToT distributions
was plotted, and the average ToT of the spectrum (70T was calculated
using a Gaussian fit. Since the ToT distributions resulted asymmetric
with a long tail toward energies lower than the photopeak value, the
Gaussian fits were performed considering only a limited region of the
ToT photopeak excluding, in this way, the events not fully collected.




P. Delogu et al.

e~

» &
a N A
ﬂ HEXAPOD i
MOTION STAGE [

»
-1 B

Nuclear Inst. and Methods in Physics Research, A 1068 (2024) 169716

-
Zed
S
ING
EM

p | -

Fig. 2. Left: global view of the measurement set-up: the SPIDR4 readout periphery and the Timepix4 chipboard, connected via blue flat cables, are placed on the hexapod motion
stage; the ionization chamber is located between the beam exit window and the Timepix4 detector; right: a zoom on the detection system seen from the front (beam eye view);

the Si sensor and the cooling system are visible.

The ToT obtained for all the sampled energies were plotted as a
function of energy, and a fit of the four parameters Timepix4 calibration
function [9] was performed:

C
E-t
This procedure was repeated for each pixel of the detecting system.

ToT =a-E+b—

@

2.4. Mixed calibration with test-pulses and X-ray

Since the Timepix4 calibration curve is non-linear in the low energy
region and taking into account that the lowest beam energy available
at SYRMERP is 8.5 keV, the calibration procedure would benefit from an
extension of the calibration range.

Timepix4 allows the injection of controlled quantities of charge
into the pixels of the ASIC by sending voltage pulses to capacitors
located in the analog front-end of each pixel, allowing a preliminary
device calibration. However, due to the uncertainty associated with the
nominal value of the capacitances, a calibration based only on test-
pulses induces an error in the energy reconstruction of the detected
photons and a sub-optimal energy resolution. A correction to the data
acquired via test-pulses must be implemented to use them to calibrate
the Timepix4; this correction can be made by combining test-pulses
acquisitions with data acquired with an X-ray source [10].

The test-pulses acquisitions were made under the same measure-
ment settings as the X-ray acquisitions. 500 events were acquired at
each energy value for each pixel, sampling 17 points in a nominal
energy range between 4.7 keV and 50.7 keV.

2.4.1. Data analysis

The data acquired via test-pulses were analyzed by repeating the
same procedure presented in Section 2.3.1 to get for each pixel the ToT
vs Energy plot.

The correction procedure begins with the analysis of the linear
part of these plot, considering only the points with a nominal energy
higher than a fixed value. For each pixel, a linear fit was initially
performed on the data acquired with the X-ray source to determine the
two parameters a;;, and by;,:

TOTXRays =iy - EXRays + blin' @
A second fit was then performed on the data acquired via test-pulses:

ToTrp =ay,  Erp-g+by, +h. 3

ay;, and by, are the parameters fixed by the previous fit, while g and h
are the two free parameters that correct respectively E;p and ToTyp.
With the described procedure, the values of g and h were determined
all over the pixels, providing to two 448 x 512 matrices. After the
correction procedure, the points acquired via test-pulses and those
acquired with the X-ray source describe the same calibration curve in a
ToT vs Energy plot. The four matrices with the calibration parameters
Aixeds Dmixed> Cmixed> a0 1.4 Were determined by fitting X-rays and
test-pulses corrected data with Eq. (1).

2.5. Energy spectra reconstruction

The conversion parameters obtained with the different calibration
procedures were used to reconstruct the energy spectrum of the photons
acquired in flat-field scans at nine energies: 9 keV, 11 keV, 14 keV, 18
keV, 22 keV, 26 keV, 30 keV, 34 keV and 40 keV.

While in the calibration procedure only the events detected within
a single pixel were used, in the spectra reconstruction also cluster size
two and three events were considered. Since the pixel threshold is fixed,
we expect a higher percentage of events with cluster size > 1 in higher
energies acquisitions.

The photopeaks positions (4) and their widths (6) were measured
by performing a Gaussian fit on the spectra. The accuracy of the
nine reconstructed X-ray photopeaks was evaluated by calculating the
relative error defined as: |E — u|/E.

The detector’s energy resolution, defined as FWHM/E, was calcu-
lated for each energy, and the calculated energy resolutions were fitted
with the Gaussian energy broadening function [11,12]:

FWHM _ pi+py VE+ps E? 4
E E

The parameters p,, p, and p; can be used to provide a model of the
detector response for Monte Carlo simulations [13].

3. Results
3.1. X-ray calibration
As already told, the energy calibration in Timepix4 detection system

is fundamental both to convert ToT measurements into energy and to
reduce the spread of the pixels responses.
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Fig. 3. Left: ToT distribution measured by three pixels at 20 keV (pixel coordinates are reported in the legend); the Gaussian fit on each ToT distribution is also reported (results
in the legend), highlighting the asymmetric interval. Right: density plot of the calibration curves for all the Timepix4 pixels.
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Fig. 4. Left: 22 keV photons ToT spectra (full-matrix acquisition, all cluster size). Right: 22 keV photons energy spectra (full-matrix acquisition, all cluster size); the dashed line
represents the energy of the photons. The Gaussian fits are superimposed on the data on both plots.

The first step to obtain the calibration curves is to construct the
ToT distribution for each energy and for each pixel, considering only
events with cluster size one. Fig. 3 (left) shows some ToT spectra
measured by different Timepix4 pixels in a 20 keV photons acquisition.
A Gaussian fit is then performed on each distribution providing the
average ToT. The fits were performed partially excluding the left sides
of the photo-peaks, as shown in Fig. 3 (left), to be sure to consider only
fully-collected-charge events.

The procedure was repeated on all energy acquisitions, providing
for each pixel a ToT vs Energy plot.

Finally, by fitting Eq. (1) on these data, the ToT to Energy conver-
sion parameters a, b, ¢ and t are calculated for each pixel.

Fig. 3 (right) shows a density plot of the calibration curves obtained
on all the pixel matrix: the spread of the plot shows the differences in
pixel response to the same signal.

3.1.1. Energy distribution reconstruction after X-ray calibration

To verify the calibration results, the conversion parameters were
used to convert the ToT spectra, measured in full matrix acquisitions,
into energy spectra, considering all cluster size events.

In Fig. 4 is reported, as an example, a comparison between the ToT
distribution (left) and the energy distribution (right) acquired at 22
keV.

The calibration compensates for the different response of the pixels
reducing the width of the spectra: AToT /ToT = 32%, while AE/E =
10%.

The energy spectrum of the photo-peak results asymmetric due to
charge-lost effect: when the deposited charge is below the threshold, a
small fraction of the energy is lost and the total measured energy will
be lower than the nominal photon value.

The photopeaks u,_,4, o and o,_,,, . wWere determined by per-
forming Gaussian fits on the single peaks. Table 1 resumes the results

Table 1
Photopeaks y,_,,, . and o,_,,, ., Obtained with the X-ray calibration parameters all
over the matrix.

Nominal X-ray
energy [keV]

Hx—ray ca [keV] Oerays car KEV] E = tiray car|/B

9 9.04 0.65 0.4%
11 11.12 0.81 1.1%
14 14.21 0.89 1.5%
18 18.23 0.92 1.3%
22 22.20 0.97 0.9%
26 26.26 1.02 1.0%
30 30.25 1.08 0.8%
34 34.21 1.09 0.6%
40 40.30 1.18 0.7%

obtained for the nine energies. The errors on p,_,4y o a0d O_yqy cars
evaluated by the fit, are less than 0.01 keV over the all energy range.
The accuracy of each energy is also reported in Table 1 and results less
than 1.5%.

The energy resolutions are comparable to the results previously
obtained, in the same operating mode, with a Timepix3 ASIC equipped
with a 300 pm thick Si sensor [11].

3.2. Mixed calibration with test-pulses and X-ray

To extend the calibration energy range, test-pulses acquisition were
performed. Fig. 5 (left) shows, for the same pixel, the comparison
between the calibration curves obtained using the X-ray acquisitions
and the test pulses acquisitions. As expected, the two curves differ, and
the points acquired via test-pulses need to be corrected according to
the method reported in Section 2.4.1.
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Fig. 5. Left: comparison between the calibration curves obtained using the X-ray acquisitions and the test-pulses acquisitions. Right: fit of the calibration curves on both the X-ray

points and test-pulses corrected points. The two plot refers to the same pixel [100, 250].

Table 2
Photopeaks 4,,,., and o,,,.,, obtained with the mixed calibration parameters evaluated
all over the matrix.

Nominal X-ray Hixea KEV] Cpixed LKEV] |E = Hpivea|/E
energy [keV]

9 8.99 0.62 0.1%
11 11.09 0.67 0.8%
14 14.18 0.71 1.2%
18 18.20 0.78 1.1%
22 22.17 0.85 0.8%
26 26.18 0.91 0.7%
30 30.15 0.95 0.5%
34 34.17 0.99 0.5%
40 40.05 1.08 0.1%

Fig. 5 (right) shows that, after the correction procedure, all the
points belong to the same calibration curve; the conversion parameters
are obtained by fitting the data with Eq. (1).

3.2.1. Energy distribution reconstruction after mixed calibration

The new conversion parameters obtained with the mixed calibration
procedure, were used to convert ToT spectra into energy spectra for
the selected nine energy values. The u,,,., and o, of the energy
spectra were obtained with the procedure seen in Section 3.1.1 and are
reported in Table 2.

The mixed calibration procedure reduces both the ¢ values and the
shift of the photopeak position: the accuracy results less than 1.2%.

3.3. Different cluster-size events energy distributions

In the previous paragraphs the energy resolution was calculated
considering all events regardless of the cluster size. The population of
the three clusters sizes varies; at low energies, clusters with size 1 are
the majority, while increasing the energies clusters with sizes 1 and
2 became almost equally populated; finally, events with cluster size 3
appears only at higher energies and represents less then the 5% of the
total, as shown in Fig. 6.

Some of energy spectra acquired at different energies are reported
in Fig. 7. In each plot, the energy distributions of clusters of sizes 1, 2,
and 3 are represented separately. In particular, the left column show
the results obtained at 9 keV, 22 keV and 40 keV with the X-rays
calibration, while the right columns shows the ones obtained with the
mixed calibration. The position (p) of the photopeaks are reported in
the legends.

For single pixel events, the accuracy of the photopeaks position is
less than 1%. As expected, no significant differences are observed if
we compare the results obtained after the X-rays calibration and after
the mixed calibration: the energy of the analyzed events is located in

Cluster Size Distribution
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Fig. 6. Percentage of clusters with size 1, 2 and 3 as a function of energy.

the linear region of the calibration curve, which we expect to remain
almost the same between the two procedures.

Looking at the distribution of cluster size two events obtained after
the X-rays calibration, a shift with respect to the photons nominal
energies is observed. This shift, particularly evident at low energies,
is strongly reduced in the results obtained after applying the mixed
calibration procedure (the accuracy at 9 keV goes from 20.6% to 2.4%).

Finally, for three pixels events, as expected, the shift of the calcu-
lated photopeaks position with respect to the photon nominal values is
greater in comparison with the shift of cluster size one and two events,
as the total charge results from the sums of three signal, of which some
values can be very small.

The same photopeaks asymmetries observed in Fig. 4 and related
to charge-sharing are visible in the spectra. This effect is particularly
evident for low energies X-rays, where it is more likely that a part
of the charge shared between multiple pixels falls below the fixed
energy threshold and is lost. At higher X-rays energies the asymmetry
is strongly reduced.

Looking at the 22 keV and 40 keV energy spectra reported in Fig. 7,
several peaks in addition to the full energy peaks appears: some of
these energies are compatible within 2%, with some elements present in
detection system, in particular copper (8.04 keV) and tin (25.27 keV).
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Fig. 7. Energy spectra reconstructed at selected energies: 9 keV, 22 keV and 40 keV. Events with cluster size one, two and three are plotted separately; the dashed lines represent
photon energies; the photopeaks positions are reported in the legends. Left column: results obtained after the X-rays calibration; Right column: results obtained after the mixed

calibration.
3.4. Energy resolution

The Timepix4 energy resolution behavior as a function of the en-
ergy obtained after the X-ray calibration procedure and the mixed
calibration procedure was studied and reported in Fig. 8.

The mixed calibration procedure produce a better energy resolution
than the X-ray calibration. The improvements, more evident at low
energies, are related to the better energy reconstruction of two-pixels
cluster, as discussed in Section 3.3.

To have a model of the energy resolution behavior, the mixed
calibration point were fitted with the Gaussian energy broadening
function (Eq. (4)) and it is also reported in Fig. 8.

The obtained energy resolutions are slightly better with respect to
previous result [11,14].

4. Conclusion

The spectroscopic characterization of a hybrid detection system,
based on Timepix4 ASIC and a Si pixelated detector, was performed.

The calibration of the detection system plays a fundamental role and
was performed using experimental data collected at the SYRMEP beam-
line of the Elettra synchrotron. Different calibration procedures were
performed, and the best spectral performance was obtained using a
mixed calibration procedure that combines data acquired through test-
pulses internally generated by the ASIC and synchrotron X-ray beams.
Several X-ray beams in the energy range 9 keV-40 keV were used to
determine the energy resolution and the accuracy capabilities of the
detection system. The accuracy in energy is better than 1,2% while
the energy resolution at 40 keV turned out to be 6,4%. The calculated
energy resolution function indicates that for X-ray beams above 20 keV
the relative energy resolution of the system will be better than 10%.

The spectroscopic performances of the studied detection system
demonstrate its suitability to be applied in K-edge imaging and simul-
taneous imaging of multiple contrast agents: studies in these field are
planned.
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