
PROCEEDINGS OF SPIE

SPIEDigitalLibrary.org/conference-proceedings-of-spie

Spectrally varying spatial frequency
properties of a small pixel photon
counting detector

Stefano  Vespucci, Mini  Das

Stefano  Vespucci, Mini  Das, "Spectrally varying spatial frequency properties
of a small pixel photon counting detector," Proc. SPIE 10573, Medical Imaging
2018: Physics of Medical Imaging, 1057350 (9 March 2018); doi:
10.1117/12.2294975

Event: SPIE Medical Imaging, 2018, Houston, Texas, United States

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 4/4/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Spectrally varying spatial frequency properties of a small
pixel photon counting detector

Stefano Vespucci
a
and Mini Das

a,b

a
Department of Physics

b
Department of Biomedical Engineering

University of Houston, Houston, TX 77204

ABSTRACT

Photon counting spectral detectors (PCD) are being investigated for multiple applications such as material
decomposition and X-ray phase contrast imaging. Many available detectors have fairly larger pixel sizes of about
150 µm or larger. The imaging performance is ultimately influenced by the choice of the sensor material, pixel
pitch, contact type (Ohmic or Schottkey), spectral distortions due to charge sharing and pulse pile up. Several
performance aspects must be optimal including energy and spatial resolution, frequency response, temporal
stability etc. to fully utilize the advantages of a PCD. For any given design, understanding the interplay of various
compromising features in the detector is very important to maximize spectral capability of these detectors. In
this work, we examine spatial frequency performance of a small pixel PCD such as Medipix3RX with CdTe
sensors. Measurements were conducted in single pixel mode (SPM) with no charge sharing correction as well as
with charge summing mode (CSM) with built in hardware based charge-sharing correction, for both fine pitch
(55 µm) and spectroscopic (110 µm) modes. While most of the simulations and measurements in the past use
monochromatic x-ray to investigate these spatio-energetic correlations, our work shows preliminary results on
these complex correlations when a polychromatic beam is used.
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1. INTRODUCTION

Photon counting x-ray detectors (PCDs) are being explored for an array of medical applications. These involve
utilizing PCD spectral capabilities for techniques such as X-ray fluorescence (XRF), K-edge absorption, comput-
erized tomography (CT), phase contrast and material decomposition techniques.1–8 Many available detectors
have fairly larger pixel sizes of about 150 µm or larger. The imaging performance is ultimately influenced by the
choice of the sensor material, pixel pitch, contact type (Ohmic or Schottkey), spectral distortions due to charge
sharing and pulse pile up. Several performance aspects must be optimal including energy and spatial resolution,
frequency response, temporal stability etc. to fully utilize the advantages of a PCD. Photon counting detectors
(PCDs) such as Medipix3RX9,10 are capable of energy discrimination and intercommunication between pixels
to reduce spectral distortions. Furthermore, it allows image acquisition with zero dark noise thereby improving
image quality with the potential for several low-dose medical and biological applications.

For any detector design, understanding the interplay of various compromising features in the detector is very
important. In this work, we examine the spatial frequency performance of a small pixel PCD such as Medipix3RX
composed of a CdTe sensors, by evaluating its response for a number of detector readout settings when using
polychromatic x-ray sources.

2. MEDIPIX3RX DETECTOR

Medipix3RX9 is a direct conversion semiconductor hybrid pixel detector developed by an international collabora-
tion based in CERN, Geneva. The Medipix3RX structure is composed of two parts, a sensor, where the incoming
photons are converted into electric signal, and the electronics, where the signal is processed for readout. The
sensor usually consists of a semiconducting material such as Si, CdTe or GaAs. A grid of equally spaced metallic
bump-bonds behind the sensor allows for virtual pixellation by connecting the sensor to the application specific
integrated circuit (ASIC) electronics. Each bump-bond is connected to electronics allowing for independent
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readout for each pixel. The Medipix3RX ASIC active area is composed of a matrix of 256 ⇥ 256 pixels, each
measuring 55 µm⇥ 55 µm.

Depending on how the sensor layer is physically bond-bonded to the ASIC electronic pixels, two detector
configurations are available. When each pixel of the electronics is connected to the sensor, the e↵ective pixel
size is 55 µm and the Medipix3RX is operated in what is defined as fine pitch mode. The second configuration
consists of pixels being grouped in clusters of 2 ⇥ 2 pixels; here the e↵ective pixel size is 110 µm and each cluster
becomes a single detection unit. In this configuration only one pixel per cluster is physically connected to the
ASIC electronic chip. In this case Medipix3RX is operated in what is defined as spectroscopic mode. For both
fine pitch and spectroscopic modes, Medipix3RX can be operated in single pixel mode (SPM) or charge summing
modes (CSM).

When using a combination of fine pitch and SPM mode, each pixel works independently. Instead, by using
a combination of fine pitch and CSM modes, the charge cloud deposited in any 2 ⇥ 2 pixels, i.e within an
area of 110 µm ⇥ 110 µm, is reconstructed and assigned to the pixel where the highest amount of energy was
deposited. This inter-pixel communication allows the correction of any spectral distortion occurring due to
charge sharing. This is particularly beneficial for applications where higher detector resolution is desirable.9,10

By using a combination of spectroscopic and SPM modes, each cluster (2 ⇥ 2 pixels) works independently. Using
spectroscopic mode in combination with CSM mode, the charge cloud deposited in any 2 ⇥ 2 cluster, i.e within
an area of 220 µm ⇥ 220 µm, is reconstructed and assigned to the cluster where the highest amount of energy
was deposited. In general, for a given threshold energy Ei, the detector pixels count the number of photons
having an energy above the selected threshold values. In this work, all modes described above were used to
investigate the detector spatial frequency response for di↵erent imaging conditions. These studies would allow
optimal acquisition conditions (energies and threshold levels) for di↵erent detector readout modes.

3. SLATED KNIFE-EDGE METHOD

Medipix3RX spatial frequency response was evaluated through modulation transfer function (MTF) measure-
ments. MTF was determined by using the slated knife-edge method.11,12 A steel knife edge was placed in front
of the sensor, approx. 1 cm away, tilted by approx. 10� with respect to the detector pixels of the Medipix3RX
detector. After a flat field correction, ’bad pixels’ were interpolated in order for the edge not to be compromised.
The result of this first step is shown in Fig. 1(a). The edge tilt angle, ↵, is determined through Hough transfor-
mation,13 which requires a binary image as an input. The latter is obtained by applying a Canny filter14 to the
edge image, see Fig. 1(b).

(a) (b)
Figure 1: Example of knife-edge image. (a) Shadow edge and (b) Edge detection process.

When the edge is tilted with respect to pixels column, each pixel at the edge position is covered to a di↵erent
degree by the edge itself (see points numbered from 13 to 18 in Fig.2). The line spread function obtained from
an oversampled ESF was fitted with a Gaussian function before estimating the MTF for any given setting.

Proc. of SPIE Vol. 10573  1057350-2

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 4/4/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



2

1

9

8

7

Figure 2: Illustration of the oversampling method for ESF determination.

4. EXPERIMENTAL RESULTS

MTF measurements from two Medipix3RX detectors, both composed of a 1000 µm thick CdTe sensor, operating
in fine pitch (55 µm resolution) and spectroscopic (110 µm resolution) modes respectively. For all Medipix3RX
modes, MTF dependence on X-ray tube energies and user specified low energy thresholds were investigated.

MTFs measured from a Medipix3RX working in a fine pitch (55 µm), in both SPM and CSM modes, are
shown in Fig. 3(a-b) respectively. MTF values of 10%, 30% and 70% are indicated for clarity, together with the
spatial Nyquist frequency for the particular detector (9.1 mm�1). MTFs were calculated for three peak energies
(40, 60 and 100 keV) at a fixed threshold level of 17 keV. Results show a general decrease in the MTF when
increasing the peak photon energy. As the photon energy increases, charge sharing between pixels is larger due
to bigger charge cloud produced within the sensor by photon-sensor interaction. This e↵ectively broadens the
detector LSF, with a consequent reduction in the frequency response. The e↵ect of charge sharing is larger when
using the detector in SPM, since no charge sharing correction is implemented. This is indicated by the larger
variability of the MTFs over such energy range: variations in the MTFs measured in CSM are less severe. At
the Nyquist frequency, decrease in the MTF, �MTF, is of the order of �MTF = 0.3 for SPM and �MTF =
0.12 for CSM, when the energy is increased from 40 keV to 100 keV.

Although CSM ideally allows charge sharing e↵ects to be corrected, it is not entirely corrected when the
threshold energy is set below the x-ray fluorescence energies for Cd and Te (⇡ 23 keV and 27 keV respectively)
from the sensor material. These photons emitted in the sensor X-ray emission lines emitted by the sensor are
able, indeed, to travel distances larger than the 55 µm (pixels pitch), reaching pixels far from the original hit,
thus preventing the charge summing algorithm to correct for such energy losses.
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Figure 3: MTFs calculated for di↵erent peak energies at fixed threshold levels. MTFs from a 1000 µm thick
CdTe Medipix3RX, 55 µm pitch working in (a) SPM and (b) CSM.

When using spectroscopic mode, where the pixel area is four time larger (110 µm⇥ 110 µm), MTF degradation
due to charge sharing is thus reduced in comparison to operation in a SPM.

Figure 4 shows MTFs measured from the Medipix3RX working in spectroscopic mode, in SPM and CSM
modes. The variability of the MTF between measurements at 40 keV and 100 keV are similar for SPM and CSM
modes. These are of the order of �MTF = 0.17 and �MTF = 0.16 for SPM and CSM respectively.
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Figure 4: MTFs calculated for di↵erent peak energies at fixed threshold levels. MTFs from a 1000 µm thick
CdTe Medipix3RX, 110 µm pitch working in (a) SPM and (b) CSM.

In general, for both fine pitch and spectroscopic modes (made exception for fine pitch SPM at 100 keV), SPM
lead to an higher absolute value of the MTF at the Nyquist frequency. Di↵erence in MTF between SPM and
CSM is of the order of �MTF = 0.06. This degradation might be caused by the correction scheme implemented
internally by the pixels electronic within the detector.

The threshold energy dependence of MTF for a Medipix3RX working in spectroscopic mode is shown in
Figure 5. An improvement in the MTF is observed when higher threshold energies are applied. In general, this
trend is common for all modes of operations of Medipix3RX. In this particular case, it is possible to see how,
when the threshold energy is close (26 keV) or higher (32 keV) than the energies corresponding to the x-ray
fluorescence lines from the sensor material, there is a sudden increase in the absolute value of the MTFs. By
doing a comparison between MTF measured at 60 keV in CSM spectroscopic mode but two di↵erent threshold
energies, 15 keV (see Fig. 4(b)) and 32 keV, a �MTF = 0.16 is measured. To note that the improvement in the
MTF is of the same order of magnitude of the one obtained when, by fixing the threshold at 16 keV, the energy
is decreased from 100 keV to 40 keV, for both SPM and CSM.
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Figure 5: Calculated MTFs for a 1000 µm thick CdTe Medipix3RX, 110 µm pitch working in CSM. MTFs
measured at 60 keV, for di↵erent threshold energies.

5. CONCLUSIONS

In conclusion, we performed preliminary investigations on the spatial resolution of a Medipix3RX, when using a
polychromatic x-ray source. Regardless of the Medipix3RX operation mode, for a fixed threshold energy, MTF
improves when lower peak x-ray energies are used. This results from the fact that lower energetic photons produce
smaller charge clouds within the sensor, minimizing charge spread to neighboring pixels. When comparing fine
pitch and spectroscopic modes, better spatial frequency responses for Medipix3RX are measured for fine pitch
mode. However, when considering di↵erent Medipix3RX operation modes, the choice between SPM and CSM is
typically not solely based on frequency response. CSM provides spectral distortion correction mechanisms which
allows charge sharing to be corrected, providing better spectral responses. Aside from the spreading of primary
charge cloud, X-ray fluorescence emissions within the sensor material (in our case Cd and Te) can also result in
reduced MTF. These photons have a mean free path larger than our pixel pitch resulting in their energy deposited
farther away from the original hit location. Since x-ray fluorescence is an isotropic process, this introduces a
broadening of line spread functions, worsening the resulting MTFs. If the threshold energy is higher than the
characteristic x-ray fluorescence energies from the sensor (23 keV and 27 keV for Cd and Te respectively), a
sudden improvement in the MTF is visible.

Although this work provides an initial e↵ort towards understanding the Medipix3RX spatial frequency re-
sponse when a polychromatic x-ray sources is used for imaging, many aspects considering the interplay for
threshold choice, sensor material, thickness, imaging energy and pitch still require further careful investigation.
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