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A B S T R A C T

X-ray Photon Counting Detectors (XPCDs) with thick semiconductor sensors and small pixel sizes suffer from a
charge-sharing effect which can induce multiple counts from a single interacting photon. This issue degrades
not only the energy resolution, but it also worsens the spatial resolution. Multiple counts can be removed
by acting on the discriminator threshold or they can be corrected by means of specific acquisition modalities
implemented in the readout electronics. In this paper we present the results of the characterization of the
Pixirad-1/Pixie-III device, a XPCD carrying a 650 𝜇𝑚 thick CdTe sensor with a small pixel (62 × 62 𝜇𝑚2).
The Pixie-III readout system includes programmable energy thresholds and it implements three acquisition
modes: a pure photon counting mode and two modes specially designed to correct charge-sharing effects. The
measured energy resolution of the three acquisition modes for different energies are here reported. Moreover,
we characterize the imaging performance for different combinations of acquisition modes and thresholds
by measuring the presampling Modulation Transfer Function (MTF), the Normalized Noise Power Spectrum
(NNPS) and by assessing the Noise Equivalent number of Quanta (NEQ).

1. Introduction

Large area X-ray Photon Counting Detectors (XPCD) are of great
interest in medical imaging [1,2], due to their high detection efficiency
and low intrinsic noise, which allow overcoming the main limitations
of the charge integrating devices. These imaging detectors are now
available with pixel sizes in the range of 50–70 μm; all these charac-
teristics make them suitable for a broad range of applications, from
material science to biomedicine. For instance, XPCDs are attractive for
low dose imaging applications; and they have been already employed in
mammography and breast computed tomography in both commercial
systems [3,4] and experimental setups [5–7].

By implementing one or more programmable energy thresholds,
a XPCD is able to remove the electronic noise and to discriminate
the impinging photons according to their energy, thus making them
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E-mail address: vittorio.ditrapani@pi.infn.it (V. Di Trapani).

suitable also for spectral applications such as the K-Edge Subtraction
(KES) imaging. This technique exploits the sharp raise of the linear
attenuation coefficients at the K-edge of high-Z elements (contrast
agents) embedded into injectable pharmaceuticals. In particular, when
imaging with a polychromatic source, a XPCD allows the simultaneous
acquisition of two images with energy bins below and above the K-edge
of the high Z element. The subtraction of these two images enhances the
presence of the contrast agent in anatomical structures of interest [8,9].

Hybrid XPCDs are made by coupling a thick semiconductor sensor
(such as e.g. Si, Ge, CdTe, CdZnTe crystals) with the readout electron-
ics, however the charge produced in the active area by an interacting
X-ray photon can be spread over neighboring pixels. This effect, called
charge sharing, occurs for each combination of sensor material and
thickness, but it is enhanced when the thickness-to-pixel size ratio
increases. When charge sharing occurs, multiple counts from a single
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interacting photon can be induced, thus degrading both the spectral
and spatial resolution [10–17].

For monochromatic radiation, by using a pure counting mode,
i.e. without specific corrections for charge sharing, multiple counts can
be partially or totally removed by properly tuning the discrimination
threshold Thr. For instance, when monochromatic photons with energy
𝐸 are employed, multiple counts are detected if 𝑇ℎ𝑟 < 𝐸∕2, while for
𝑇ℎ𝑟 > 𝐸∕2 some events are lost with a consequent decrease of the
detection efficiency [10,18]. To remove multiple counts by limiting
the loss of efficiency, Thr has to be set to 𝐸∕2 [10,19,20]. However,
the removal of multiple counts does not solve the degradation of the
energy resolution, thus different solutions have been proposed to cor-
rect for charge-sharing effect. Solutions proposed in literature include
(i) changing the pixel geometry (e.g. using hexagonal pixels instead of
square pixels [21]), (ii) the reduction of the charge collection time by
operating with high bias voltages [22] and (iii) the implementation of
specifically designed algorithms for charge sharing suppression in the
readout systems [21,23–26]. These algorithms trace back the energy
deposited by a single photon by summing the charge collected in a
cluster of (3 up to 8) pixels and assigning the hit to the pixel receiving
the highest fraction of the total charge [21,27,28].

Multiple counts (detection or removal) and charge-sharing (level of
correction) strongly influence the performance of a system in terms of
spectral and spatial resolution, noise response and detection efficiency.

In this work, we characterized the Pixirad-1/Pixie-III XPCD device
mounting a CdTe sensor. With a small pixel size of 62 μm, with high
detection efficiency and a frame rate larger than 500 fps, this detection
system is suitable for X-ray in vivo microtomography [29,30] and
breast computed tomography [7]. Moreover, by implementing two
energy thresholds, this system allows performing KES imaging with
polychromatic sources [8,9].

It implements a pure counting mode and two specific modes that
correct for the charge-sharing effect.

We studied how the different modes affect the energy resolution
and/or determine imaging features. In particular, by varying the thresh-
old and by switching among the acquisition modes, we measured:

• Energy resolution
• Spatial resolution
• Noise response
• Noise Equivalent Number of Quanta

2. Materials

2.1. Detection system

Pixirad-1/Pixie-III has a hybrid architecture made by coupling, with
the flip-chip bonding technique, a high Z sensor with an application
specific integrated circuit (ASIC) [24].

The sensor is a Schottky type diode array made of a 650 μm thick
CdTe semiconductor with electron collection on the pixels. For each
pixel the readout has two 15-bit counters fed by two independent
discriminators with tunable energy thresholds.

Pixie-III is a CMOS ASIC with an active area of 3.17 × 2.49 cm2

covered by a 512 × 402 matrix of square pixels with 62 μm pitch.
The ASIC implements three acquisition modes:

• Pixel Mode (PM): each pixel counts independently from the oth-
ers.

• Neighbor Pixel Inhibit mode (NPI): only one counter per event
is enabled. When the charge cloud spreads over multiple pixels,
the NPI mode assigns the count to the pixel receiving the highest
fraction of the total charge.

• Neighbor Pixel Inhibit and Pixel Summing Mode (NPISUM): the
total energy of one event involving up to 4 neighboring pixels is
evaluated by summing the signals of these 4 pixels. The recovered
charge is converted to voltage and then discriminated against the
threshold to assign the hit to a unique pixel, i.e. the one receiving
the highest fraction of the total charge.

In addition to charge sharing, when energies above Cd or Te K-edges
(𝐸𝐾(𝐶𝑑) = 26.7 keV and 𝐸𝐾(𝑇 𝑒) = 31.8 keV) are employed, this device
exhibits the emission of fluorescence photons (with energies 𝐸𝐶𝑑 =
23.1 keV and 𝐸𝑇 𝑒 = 27.4 keV) from Cd and Te. Fluorescence photons
can also induce multiple counts that cannot be corrected as done for the
charge-sharing effect. Thus, the overall performance of this detection
system differs for energies below and above Cd and Te K-edges.

The response of the detection system is linear up to 105 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑝𝑖𝑥𝑒𝑙−1s−1 ( ≈ 2.6 ⋅ 107 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 mm−2s−1). All the measurements have
been performed in the linearity range of the detection system by setting
fluence rates lower than 2 ⋅ 106 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 mm−2s−1.

During the acquisitions the detection system was cooled down to
−30 ◦C and the CdTe crystal was biased with a working voltage of
400 V.

To avoid time-dependent artifacts due to long polarization times of
the CdTe crystal [31,32], short data acquisitions have been planned.
The longest acquisition time was as long as 10 s, consisting in the
acquisition of 100 frames each with an exposure time of 100 ms.

2.2. Source

The data have been acquired at the biomedical beamline ID17 of
the European Synchrotron Radiation Facility (ESRF, Grenoble, France).

The source is a 21-pole wiggler, placed 150 m upstream of the
detection system. The beam, monochromatized by a double Silicon-
bent Laue crystal, has a quasi-parallel geometry with divergence <1
mrad and <0.1 mrad respectively along the horizontal and the vertical
directions and can reach a maximum size of 150 × 10 mm2 (𝐻 ×
𝑉 ) [33]. The shape of the beam is flat along the horizontal direction
and roughly Gaussian along the vertical direction.

At ID17, the beam can be shaped by three different remotely
controlled slits systems installed at different distances from the source.

In this work, the beam size has been chosen to cover the entire
horizontal length of the detector; in the vertical direction, the slits have
been opened to have a beam height of 6.6 mm at the detector position.

The storage ring worked in top up mode (injections every hour),
with a 2.5% maximum current difference; during the acquisitions, the
current of the ring has been constantly monitored. For a fixed energy,
all the acquisitions have been performed with similar ring currents to
limit variations of fluence rate below 1%.

3. Methods

3.1. Energy resolution

The energy resolution is defined as the ratio between the full width
half maximum (FWHM) of a peak in the differential spectrum and its
energy [34]:
𝛥𝐸
𝐸

= 𝐹𝑊𝐻𝑀
𝐸

(1)

In this work, the differential spectra have been obtained by acquiring
and differentiating the integral spectra. These integral spectra have
been recorded through a threshold scan, i.e. by moving the threshold
Thr at steps of 0.5 keV at fixed beam energy and fluence. For each
value of Thr, 50 images of the beam with an exposure time of 100 𝑚𝑠
have been recorded and then summed. The integral spectrum has been
obtained by plotting the average signal, measured in a fixed 450 ×
30 𝑝𝑖𝑥𝑒𝑙 region of interest (ROI), against Thr. The ROI has been chosen
to take the biggest area avoiding dead/hot pixels and inhomogeneities
of the beam. In particular, the height of the ROI was the FWHM of the
vertical (broadly Gaussian) shape of the beam. This choice allowed to
take into account only the most intense part of the beam excluding the
inhomogeneities of the beam along the tails.

The measured energy resolution depends on the properties of the
CdTe crystal, the source and the electronics. When measured over
several pixels, as in this work, the energy resolution is further degraded
by the slight offset of threshold of the different pixels [14].
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The measurements have been performed for photons with energies
close to the K-edges of the contrast agents of interest in KES imaging
such as e.g. Ag (25.52 keV), I (33.17 keV), Xe (34.56 keV), Ba (37.44 keV)
and Gd (50.24 keV), i.e. 26 keV, 33 keV, 37 keV and 50 keV. For each
energy, the energy spread of the beam was estimated in 116 eV, 187
eV, 235 eV and 429 eV (combined energy spread given by the beam
divergence and the intrinsic Darwin curve of the crystals) [33].

3.2. Imaging features measurement

The characterization of the imaging features of the detection system
have been carried out by using objective metrics. The spatial resolution
has been evaluated by means of the presampling Line Spread Function
(LSF) in the spatial domain and the presampling MTF in the frequency
domain; the noise response has been evaluated in the frequency domain
by using the NNPS [35,36]. To globally compare the imaging perfor-
mance in different modes and with different discriminator thresholds
we used the Noise Equivalent number of Quanta (NEQ) as described in
Section 3.2.4.

Since MTF and NNPS measurements assume a homogeneous beam,
the images have been processed with the flat field correction procedure,
as explained in Di Trapani et al. [37]. In the present work, for each
combination of energy, threshold and acquisition mode, the matrix
employed for the flat field correction has been obtained by averaging
100 images of the beam.

At fixed energy and fluence rate, we compared the global imaging
performance of different settings through the 𝑁𝐸𝑄(𝑢); in this part
of the study we used two energies 26 keV and 33 keV. These two
energies have been chosen within the energy range [22 keV–34 keV]
recommended to perform breast computed tomography [38,39].

3.2.1. Spatial resolution
The presampling LSFs have been measured by using the slanted edge

method proposed by Samei et al. [40]. It consists in the acquisition of
images of a thick absorber with a sharp edge placed near the detection
system and slanted by a small angle with respect to the pixels; the
digital images of the edge are then processed to obtain the presampling
LSF.

The presampling MTF has been obtained from the 1D FFT (Fast
Fourier Transform) of the LSF normalized to the MTF at zero frequency
(𝑀𝑇𝐹 (0)).

To study the dependence of the spatial resolution on the threshold,
the latter has been scanned at steps of 2 keV; this operation has been
repeated for each of the three acquisition modes. For each value of the
threshold we acquired 100 images of a slanted edge and averaged them.

The performance under the different conditions have been studied
in both spatial and frequency domains by plotting respectively the
FWHM of the LSF and the 𝑀𝑇𝐹 50% (i.e. the frequency for which
𝑀𝑇𝐹 = 0.5) against Thr.

3.2.2. Noise response
The NNPS has been determined by analyzing the white field images

acquired with threshold scans as done for the measurement of the
spatial resolution. For the 2D NNPS we selected 1600 (59 × 59 𝑝𝑖𝑥𝑒𝑙)
sub-ROIs which overlap for half of their area horizontally.

To calculate the NNPS we then employed the following algo-
rithm [41]:

𝑁𝑁𝑃𝑆(𝑢, 𝜈) =
𝛥𝑥𝛥𝑦

𝑁𝑥𝑁𝑦𝑀

𝑀
∑

𝑖=1

|𝐹𝐹𝑇2𝐷(𝐼𝑖(𝑥, 𝑦) − 𝐼𝑖)|
2

�̄�2
(2)

where 𝑢 and 𝜈 are the horizontal and vertical axes of the frequency
domain, 𝐼𝑖(𝑥, 𝑦) is the 𝑖th sub ROI, 𝐼𝑖 the average signal of the 𝑖th sub-
ROI, �̄�2 the square of the average recorded signal, M the total number
of ROIs, 𝛥𝑥, 𝛥𝑦 the pixel sides and 𝑁𝑥, 𝑁𝑦 the number of pixels of the
ROI along horizontal and vertical directions.

The uncertainty of each data point of the 𝑁𝑁𝑃𝑆(𝑢, 𝜈) has been
quantified as the standard deviation of the average of the M realizations
used for the measure of the NNPS with the Eq. (2).

The NNPS describes the correlation between different pixels allow-
ing to study the cross-talk induced by multiple counts in neighboring
pixels. In particular the presence of correlation between neighboring
pixels acts as a low-pass filter shaping the NNPS [18]. Thus, the NNPS
magnitude is expected to decrease with the increase of the frequency
when a bigger fraction of multiple counts is recorded.

Since the data points of the 2D NNPS along the axes (𝑢 = 0 mm−1

and 𝜈 = 0 mm−1) can have higher values which are not representative
of the stochastic noise [41], the 1D NNPS has been evaluated from
the measured 𝑁𝑁𝑃𝑆(𝑢, 𝜈) omitting the axes. The 1D NNPSs profiles
were extracted from the 2D NNPS by adapting the procedure explained
by the IEC-62220-1 [42] to our experimental conditions. In particular,
horizontal and vertical 1D NNPSs profiles were obtained by averaging
the data points from one row just above and below the axes 𝜈 = 0 mm−1

(𝑁𝑁𝑃𝑆𝑥) and 𝑢 = 0 mm−1 (𝑁𝑁𝑃𝑆𝑦). Each data point of 𝑁𝑁𝑃𝑆𝑥 and
𝑁𝑁𝑃𝑆𝑦 was associated with the frequency 𝑓 =

√

𝑢2 + 𝜈2. Finally we
averaged the two profiles 𝑁𝑁𝑃𝑆𝑥 and 𝑁𝑁𝑃𝑆𝑦 to obtain a smoothed
1D NNPS profile.

3.2.3. Aliasing
A digital imaging system with a pixel pitch of 𝛥𝑥 is characterized

by its Nyquist frequency 𝑓𝑁𝑦 = 1∕(2𝛥𝑥), that is the maximum frequency
which can be correctly sampled without incurring in aliasing [41].

Since the presampling MTF is the response of the system to a
sinusoidal input before the stage of sampling, all the components of
MTF with frequency higher than 𝑓𝑁𝑦 are aliased in the sampled image.

For a pixellated detection system the 𝑁𝑁𝑃𝑆 is proportional to
the 𝑀𝑇𝐹 2 [36]. Thus, when aliasing occurs, the components of the
presampling NNPS above 𝑓𝑁𝑦 are folded back and overlap with those
below 𝑓𝑁𝑦 increasing the high frequency components of the NNPS
measured on sampled images [41,43]. In these cases, the NNPS directly
measured on digital images is flattened respect to the presampling
NNPS.

For a XPCD, multiple counts act as a low-pass filter reducing the
high frequency components of the signal. This means that when the
system is undersampled multiple counts can limit the aliasing effects
on noise by reducing the magnitude of the signal components above
𝑓𝑁𝑦.

3.2.4. Noise equivalent number of quanta
The global imaging performance of a detection system are the result

of a compromise between spatial resolution and noise. For instance, if a
physical phenomenon (such the charge sharing) induces a blur during
the detection process, the noise decreases at the cost of a worsening of
spatial resolution.

The NEQ measures the square of the Signal to Noise Ratio (SNR) in
the frequency domain and it is defined as follows [41]:

𝑁𝐸𝑄(𝑢) =
𝑀𝑇𝐹 2(𝑢)
𝑁𝑁𝑃𝑆(𝑢)

(3)

By quantifying, for each frequency, how the spatial resolution is im-
paired by the noise response, the NEQ stands as the optimal metrics to
directly compare the overall imaging performance of a detection system
under different acquisition settings.

NEQ has been calculated from the presampling 1D MTF and from
the measured 1D NNPS and studied as a function of the threshold.

4. Results

4.1. Energy resolution

In Fig. 1 we report the differential spectra obtained with the
monochromatic beam set to 26 keV, 33 keV, 37 keV and 50 keV.

Fig. 1(a) shows that, for the beam energy 𝐸 = 26 keV (𝐸 < 𝐸𝐾(𝐶𝑑)),
the spectra depend only on the acquisition modes as follows:

3
3



V. Di Trapani, A. Bravin, F. Brun et al. Nuclear Inst. and Methods in Physics Research, A 955 (2020) 163220

Fig. 1. Differential spectra for: (a) 𝐸 = 26 keV (PM and NPI right y axis; NPISUM left y axis); (b) 𝐸 = 33 keV (NPISUM); (c) 𝐸 = 37 keV (NPISUM); (d) 𝐸 = 50 keV (NPISUM).

Table 1
FWHM (keV) and energy resolution measured on the full energy peak.

Energy (keV) FWHM (keV) 𝛥𝐸∕𝐸

26 3.4 ± 0.4 (13 ± 2)%
33 3.6 ± 0.4 (11 ± 1)%
37 3.7 ± 0.4 (10 ± 1)%
50 4.1 ± 0.4 (8.2 ± 0.8)%

• NPISUM mode recovers the charge spread, no multiple counts
are recorded and the differential spectrum shows only one peak
corresponding to the energy of the impinging photons (i.e. the
full energy peak). The comparison with PM and NPI modes shows
that the NPISUM mode achieves the highest number of counts in
the full energy peak. This means that, if compared to the other
modes, NPISUM mode preserves the detection efficiency when a
high threshold is set.

• PM mode does not remove multiple counts. The spectrum shows
a not resolved full energy peak with a long left tail, according
to Vincenzi et al. [14].

• NPI mode removes multiple counts, but does not recover the
spread of the charge. This means that for 𝑇ℎ𝑟 > 𝐸∕2 there is a
loss of detection efficiency depending on the threshold value. As
a consequence, the spectrum shows a not completely resolved full
energy peak with asymmetric tails.

All the spectra in Figs. 1(b) (c) and (d), obtained using energies above
the Cd and Te K-edges, show additional signals due to fluorescence
and escape peaks corresponding to 𝐸𝐶𝑑 = 23.1 keV and E–𝐸𝐶𝑑 , E–
𝐸𝑇 𝑒 respectively. The Te fluorescence photons do not produce a signal
in the differential spectra at 𝐸𝑇 𝑒 = 27.4 keV because, having an
energy just above the Cd K-edge, in CdTe they have a mean free path
(𝜆𝑇 𝑒 = 61.6 μm) comparable with the pixel size. For this reason, the
re-absorption of the Te fluorescence photon is highly probable within
the same range in which charge sharing occurs.

In Table 1 we report both the FWHM and the energy resolution for
the NPISUM mode at all the beam energies here considered.

4.2. Spatial resolution

Fig. 2 shows the plots of the FWHM of the presampling LSFs and
𝑀𝑇𝐹 50% against the threshold Thr for the beam energy 𝐸 = 26 keV.

The results can be summarized as follows:

• NPISUM mode: no multiple counts are recorded; both FWHM
and 𝑀𝑇𝐹 50% are almost independent from the applied Thr.
Moreover, the FWHM of the LSF has a size of 64 μm, comparable
with that of the pixel pitch 62 μm.

• PM mode: the spatial resolution improves by increasing Thr ; the
FWHM and 𝑀𝑇𝐹 50% respectively decreases and increases with
Thr. In particular for 𝑇ℎ𝑟 < 𝐸∕2 the FWHM is larger than the pixel
size, for 𝑇ℎ𝑟 > 𝐸∕2 there is a reduction of the effective pixel size
that improves the spatial resolution in agreement with Marchal
and Medjoubi [18], Lopez et al. [17] and Delogu et al. [10].

• NPI mode: for 𝑇ℎ𝑟 < 𝐸∕2, thanks to the removal of multiple
counts the NPI mode shows the same behavior of the NPISUM
mode. For 𝑇ℎ𝑟 > 𝐸∕2 the spatial resolution improves as observed
for the PM mode.

Fig. 3 shows the plots of the FWHM of the presampling LSFs and of
𝑀𝑇𝐹 50% against the threshold Thr for the beam energy 𝐸 = 33 keV.
The behavior of the acquisition modes can be described as follows:

• the NPISUM shows almost constant FWHM and 𝑀𝑇𝐹 50% values
up to 𝑇ℎ𝑟 ≤ 𝐸𝐶𝑑 . For 𝑇ℎ𝑟 > 𝐸𝐶𝑑 the fluorescence photons are
totally removed inducing an improvement of the spatial resolu-
tion. In particular, with respect of 𝑇ℎ𝑟 = 22 keV, the 𝑀𝑇𝐹 50%
increases from a minimum of 10% (𝑇ℎ𝑟 = 24 keV) to a maximum
of 36% (𝑇ℎ𝑟 = 30 keV).

• in PM mode, the spatial resolution improves with the increase
of Thr. In particular, for 𝑇ℎ𝑟 < 𝐸∕2 the PM mode has a lower
spatial resolution if compared to NPISUM mode. For 𝑇ℎ𝑟 > 𝐸∕2
the FWHM decreases to values below the true aperture of 62 μm,
in agreement with the behavior at 26 keV.

• the NPI mode shows roughly the same performance of the NPISUM
mode for 𝑇ℎ𝑟 < 𝐸∕2 and the same performance of PM mode for
𝑇ℎ𝑟 > 𝐸∕2.

Fig. 4 compares the presampling MTF obtained with PM and NPISUM
modes coupled with two representative thresholds (one below and one
above E/2) for the two energies (a) 26 keV and (b) 33 keV. In Fig. 4
the Nyquist frequency (𝑓𝑁𝑦) and the aperture function have been rep-
resented as reference. The aperture function is given by |𝑠𝑖𝑛𝑐(𝜋 ⋅ 𝑢 ⋅ 𝛥𝑥)|
and it is the Fourier transform of the ideal aperture for a square pixel
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Fig. 2. 𝐸 = 26 keV: (a) plot of FWHM of the Line Spread Function against the threshold; (b) 𝑀𝑇𝐹 50% against the threshold.

Fig. 3. 𝐸 = 33 keV: (a) plot of FWHM of the Line Spread Function against the threshold; (b) 𝑀𝑇𝐹 50% against the threshold.

Fig. 4. Comparison of MTFs response for the two energies (a) 26 keV and (b) 33 keV for PM and NPISUM modes and different thresholds.

Fig. 5. 1D NNPS response for different thresholds with monochromatic beam 𝐸 = 26 keV: (a) PM mode; (b) NPISUM mode.

with side 𝛥𝑥. By comparing Fig. 4 (a) and (b), it appears clear how,
at fixed threshold, the MTF values measured with 𝐸 = 33 keV are
lower than those measured with 𝐸 = 26 keV. This worsening of the
spatial resolution involves both PM and NPISUM modes and it is due
to Cd-emitted fluorescence photons that, having a mean free path of

𝜆𝐶𝑑 = 124 μm in CdTe, play a major role in the spatial resolution
degradation if compared to the effects due to charge sharing. Fig. 4
shows also that for each combination of mode, energy and thresholds
the MTF extends above the Nyquist frequency, thus the system is always
undersampled.
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Fig. 6. 1D NNPS response for different thresholds using monochromatic beam 𝐸 = 33 keV. (a) PM mode; (b) NPISUM mode.

4.3. Noise response

The plots of 1D NNPS for monochromatic photons at 𝐸 = 26 keV
for few threshold values are reported in Fig. 5(a) and (b) for PM and
NPISUM mode, respectively.

In PM mode:

• for 𝑇ℎ𝑟 = 4 keV (𝑇ℎ𝑟 < 𝐸∕2) multiple counts induce correlations
between adjacent pixels acting as a low-pass filter that reduces
the high frequency components of the 𝑁𝑁𝑃𝑆.

• for 𝑇ℎ𝑟 = 14 keV (𝑇ℎ𝑟 ≈ 𝐸∕2) multiple counts are totally removed
and the NNPS is flat.

• for 𝑇ℎ𝑟 = 20 keV (𝑇ℎ𝑟 > 𝐸∕2) multiple counts are totally removed
and the NNPS flat. The increase of NNPS magnitude is due to the
loss of detection efficiency.

For NPISUM mode, the NNPS is quite flat with its magnitude indepen-
dent from Thr (Fig. 5(b)).

Fig. 6(a) and (b) show the 1D NNPS for PM and for NPISUM modes
respectively, for photons with 𝐸 = 33 keV.

For 𝑇ℎ𝑟 = 4 keV (< 𝐸𝐶𝑑∕2), the low-pass filtering effect on the 1D
NNPSs is visible for both modes: in NPISUM mode it depends on Cd-
emitted fluorescence photons; in PM mode it is due to multiple counting
both from charge sharing and from fluorescence photons. By increasing
the threshold to 𝑇ℎ𝑟 > 𝐸∕2 the 1D NNPS flattens for both modes. The
increase of the 1D NNPS in PM mode for 𝑇ℎ𝑟 = 26 keV can be explained
in terms of loss of efficiency. This effect occurs also in NPISUM mode
for 𝑇ℎ𝑟 ≥ 26 keV when fluorescence photons are not recorded.

4.4. Aliasing

Fig. 4 shows that for all the settings the presampling MTF extents
above the Nyquist frequency. This implies that the system is always
undersampled and aliasing occurs.

Aliasing increases the high frequency components of noise, thus
flattening the NNPS. Referring to Figs. 5 and 6, the flattening of the
NNPS is enhanced when using settings which remove multiple counts,
i.e. PM mode combined with 𝑇ℎ𝑟 > 𝐸∕2 or NPISUM mode for 𝐸 =
26 keV and both PM and NPISUM modes combined with 𝑇ℎ𝑟 > 𝐸∕2 for
𝐸 = 33 keV.

The effect of the detection or removal of multiple counts on both
NNPS and presampling MTF can be summarized as follows:

• multiple counts detection worsens the presampling MTF and re-
duces the high frequency components of the NNPS. Moreover,
working as a low-pass filtering in the stage before the sampling,
it prevents aliasing effects such the flattening of the NNPS.

• multiple counts removal improves the spatial resolution but in-
creases the high frequency components of the NNPS. The im-
provement of the spatial resolution leads to an increase of the
magnitude of the presampling MTF components above 𝑓𝑁𝑦, thus
aliasing effects are increased too.

Fig. 7. 𝐸 = 26 keV NEQ response of PM Vs NPISUM mode.

Fig. 8. 𝐸 = 33 keV: NEQ response of PM Vs NPISUM mode.

4.5. Noise equivalent number of quanta

Fig. 7 shows the NEQ calculated in PM and NPISUM modes for the
energy 𝐸 = 26 keV.

The results can be summarized as follows:

• in the NPISUM mode the NEQ is almost independent from the
threshold.

• in the PM mode the NEQ values decrease at all frequencies with
the increase of the threshold. In particular, for 𝑇ℎ𝑟 = 20 keV
there is a drop in the NEQ explainable with the loss of detection
efficiency.

The plots of NEQ for the beam 𝐸 = 33 keV are reported in Fig. 8.
The behavior of the two modes when using different thresholds can

be described in this way:

• in the NPISUM mode, for spatial frequencies < 2.2 mm−1, the NEQ
always decreases by increasing the threshold. For frequencies
> 2.2 mm−1 the NEQ at 𝑇ℎ𝑟 = 26 keV is higher with respect
to that measured for 𝑇ℎ𝑟 = 16 keV. This behavior is due to
the fact that fluorescence photons detection (possible for 𝑇ℎ𝑟 <
𝐸𝐶𝑑 = 23.1 keV) preserves the efficiency, but increases the noise
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(i.e. increases the NNPS) and worsens the MTF especially at high
frequencies. In terms of NEQ, this means that, by discriminating
fluorescence photons 𝑇ℎ𝑟 = 26 keV is more effective than 𝑇ℎ𝑟 =
16 keV in resolving spatial frequencies > 2.2 mm−1.

• in the PM mode the NEQ response always decreases when increas-
ing the threshold.

For both energies the combination of the PM mode with low thresh-
olds shows the best NEQ response, i.e. the highest NEQ values at all
frequencies.

5. Discussion and conclusions

A systematic study on the Pixirad-1/Pixie-III XPCD has been per-
formed by considering different acquisition modes and threshold val-
ues.

The measurement of the energy resolution demonstrated that only
the NPISUM mode allows for a full energy resolution and, in the range
[26 keV–50 keV], the energy resolution of NPISUM mode varies from
13% to 8.2%.

The spatial resolution measurements showed that the performance
strongly depends on the fraction of multiple counts recorded when
charge sharing is not corrected: presampling LSF and MTF improve
when high threshold values are set. Instead, the NPISUM mode, which
fully corrects the charge-sharing effects, allows an almost threshold
independent spatial resolution. More in general, for all the acquisition
thresholds, the system achieve a LSF with 𝐹𝑊𝐻𝑀 < 75 μm (at 𝐸 ≤
33 keV). This feature makes this system suitable for in vivo microto-
mography [29,30] and for breast imaging by allowing the resolution of
breast micro-calcifications with typical diameters < 0.5 mm [44].

The analysis of the noise response confirmed that a higher fraction
of multiple counts detection decreases the noise by reducing the high
frequency components of the NNPS.

We observed that the system is always undersampled. However, by
acting as a low-pass filter, the detection of multiple counts brings the
system close to the condition of optimal sampling as described in sect.
Section 3.2.3 and thus, it reduces aliasing effects on noise.

The results of the comparison among the overall imaging perfor-
mance with different acquisition settings, conducted through NEQ can
be summarized as follows:

• the highest NEQ values are achieved by using the PM mode
in combination with low thresholds. This means that the NEQ
response is improved as more multiple counts are detected.

• for higher thresholds (in particular for 𝑇ℎ𝑟 > 𝐸∕2), the NPISUM
mode shows a better NEQ response than the PM mode.

The comparison of the NEQ curves can be a useful tool to guide the
choice of the optimal combination of acquisition mode and operating
threshold according to the specific application. In particular, to perform
imaging requiring both a good energy resolution and the use of high
threshold values, which are common condition in spectral imaging, the
NPISUM mode has to be preferred to the PM mode. This conclusion is
in line with the findings in [8,9,45,46] where the benefits of the charge
sharing correction on spectral imaging have been proved by using
respectively Pixirad/Pixie-III and Medipix3 based detection systems.

For other imaging applications, in which a good energy resolution is
not mandatory, multiple counts from charge sharing and fluorescence
can improve the NEQ response by reducing the global noise and the
aliasing effects. In such cases, the pure counting mode and low thresh-
old values have to be preferred. This conclusion, here verified for the
Pixirad-1/Pixie-III, can be extended to other XPCD devices with similar
features.
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