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Abstract
Objective.We investigate scintillation detectors with silicon photomultipliers (SiPMs) as alternat-
ives to direct-conversion detectors based on CdTe/Cd1−xZnxTe (CZT) for x-ray photon-counting
imaging. Here, we measure counting and spectral performance of three scintillators and compare
the results with performances reported in literature for CdTe/CZT detectors for diagnostic photon-
counting computed tomography (PCCT). Approach.We built 1× 1 mm2 single-pixel detect-
ors by coupling readily available LYSO:Ce, YAP:Ce, and LaBr3:Ce scintillators to ultrafast SiPMs.
Pulse processing was optimized for rate capability rather than energy resolution. We exposed the
detectors to three radioisotopes to determine energy response proportionality and energy resol-
ution. Using an x-ray tube, we measured x-ray spectra and count rate curves, i.e. output count
rate (OCR) versus input count rate (ICR).Main results. The energy resolutions of the LYSO:Ce
and YAP:Ce detectors exceed 30% full-width-at-half-maximum (FWHM) at 60 keV, with YAP:Ce
showing a more proportional response. For a 30 keV count-detection threshold, the maximum
OCR of the YAP:Ce detector is 5.4 Mcps pixel−1 for paralyzable-like counting, while the OCR
approaches 12.5 Mcps pixel−1 for nonparalyzable-like counting. The LYSO:Ce detector reaches
4.5 Mcps pixel−1 and 10 Mcps pixel−1, respectively, and the LaBr3:Ce detector 10.4 Mcps pixel−1

and 22 Mcps pixel−1. Thereby, the rate capability of the LaBr3:Ce detector is almost 80% of that
reported for two CdTe/CZT detectors for diagnostic PCCT. Moreover, the LaBr3:Ce detector has
high proportionality and an energy resolution of about 20% FWHM at 60 keV, which is compar-
able to at least one CdTe detector for diagnostic PCCT. The x-ray tube spectra measured using the
scintillation detectors show reasonable agreement with incident spectra. Significance. This work
indicates that LaBr3:Ce-based detectors may become an alternative to direct-conversion detect-
ors for diagnostic PCCT, whereas LYSO:Ce- and YAP:Ce-based detectors appear better suited for
applications with lower ICR, e.g. cone-beam PCCT in radiotherapy. Ways to further improve x-ray
photon-counting scintillation detectors are also discussed.

1. Introduction

Photon-counting detectors (PCDs) for medical x-ray imaging count the number of x-ray photons
impinging on each detector pixel. Based on a measurement of the energy deposited by each photon,
each count is also registered in one of typically 2–8 energy bins that cover the x-ray spectrum of interest.
PCDs can increase the contrast-to-noise ratio, and/or reduce the radiation dose and contrast agent load
that come with traditional x-ray imaging systems equipped with energy-integrating detectors. Moreover,
they facilitate conventional dual-energy imaging and enable innovative multi-energy imaging, which
allows for quantitative imaging of (multiple) contrast agents, including ones with a very high atomic
number (Z > 60, K-edge imaging), in a single acquisition (Leng et al 2019, Flohr et al 2020, Danielsson
et al 2021).
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Most PCDs developed to date are direct-conversion detectors consisting of the semiconductors CdTe
or Cd1−xZnxTe (CZT, x ≈ 0.1–0.2), and x-ray computed tomography (CT) systems that are employing
CdTe/CZT detectors and that are capable of patient scanning have been built (Si-Mohamed et al 2021,
Rajendran et al 2022). In such a detector, an x-ray photon is directly converted into electric charges,
which migrate to a pixelated electrode due to the bias voltage applied to the CdTe/CZT layer, ideally
inducing a current pulse on one of the electrode pixels. CdTe and CZT have a reasonably high density
(ρ ≈ 5.8 g cm−3) and effective atomic number (Zeff ≈ 50), so that a detector thickness of 1.5–3.0 mm
offers sufficient detection efficiency in the energy range of medical x-ray imaging (E < 150 keV). Also,
these detectors produce short pulses (tens of ns after pulse processing/shaping) and a reduction of the
pixel size to 0.5 × 0.5 mm2 or smaller is feasible in practice. Both help to reduce the detrimental effects
of pulse pile-up, such as a loss of counts and incorrect energy measurement. This is needed because of
the high fluence rates in medical x-ray imaging, which can exceed 108 photons s−1 mm−2 in a very
demanding modality such as diagnostic CT (Persson et al 2016). However, reliable and stable detector
operation at high fluence rates demands CdTe/CZT detectors with few charge trapping centers, homo-
geneously distributed in the detector (Roy et al 2019, Flohr et al 2020). The cost-effective production
and wide availability of such detector-grade material remain points of concern. Another issue is the
degradation of performance in spectral imaging tasks, mainly due to charge sharing (Taguchi et al 2024,
Stierstorfer and Hupfer 2025). Charge sharing refers to charges created in one x-ray interaction in the
detector inducing pulses on multiple electrode pixels. It increases with decreasing pixel size.

The investigation of other types of detector thus appears warranted. One such alternative is a silicon-
based direct conversion detector. However, Si has a much lower density (2.3 g cm−3) and Zeff (14) than
CdTe/CZT. Consequently, 3.0–6.0 cm of material is needed for dose-efficient imaging. On the one hand,
this had led to a detector design that substantially reduces pile-up and charge sharing (Bornefalk and
Danielsson 2010). On the other hand, such a big volume of high-quality Si increases costs. Moreover,
Compton scatter is the dominant interaction mechanism in Si detectors, which is detrimental to spectral
imaging (Taguchi et al 2024, Stierstorfer and Hupfer 2025). Nonetheless, a CT system with Si detectors
capable of patient scanning has been built (Da Silva et al 2019).

As another alternative, we work on indirect-conversion detectors. In such detectors, each pixel con-
sists of a scintillation material, which converts an x-ray photon into a pulse of optical photons, and a
light sensor, which converts the scintillation photons into electric charges. Traditionally, there are reflect-
ors between pixels, which practically eliminate light sharing (cf. charge sharing). Our choice of light
sensor is the silicon photomultiplier (SiPM), which provides internal gain, thereby lifting the signal
generated by a single x-ray photon above the noise level of the readout electronics. In addition, SiPMs
can be miniaturized to sub-mm sizes. Various scintillators that combine high density and Zeff with a
fast response to incoming radiation are widely available. Since the detector relies on the transport of
optical photons rather than electric charges, it may be easier to synthesize detector-grade materials in
a cost-effective way. This claim is supported by the fact that the vast majority of detectors in present-day
medical imaging systems are scintillation detectors. Similarly, SiPMs have made it into clinical systems,
e.g. the positron emission tomography scanners of all major vendors (Surti and Karp 2020).

In first order, the response of an SiPM-based scintillation detector can be described as follows. When
an x-ray photon deposits an amount of energy E (in keV) in a scintillation crystal, the mean number of
generated scintillation photons equals E times the light yield Y in photons/keV. The actual number of
scintillation photons per event typically shows a different (usually greater) variance than expected from
Poisson statistics. The deviation from a Poisson distribution is more pronounced for a scintillator that
exhibits a higher degree of non-proportionality, i.e. a stronger dependency of Y on E (Dorenbos et al
1995, Khodyuk and Dorenbos 2012). Only a fraction of the scintillation photons is detected by the SiPM
(limited light collection and photon detection efficiencies), and the statistics of the detected scintillation
photons affects the energy resolution.

The chance that a scintillation photon is detected at a time t0 after the x-ray photon interacted in
the scintillator is, in the simplest case, proportional to exp(−t0/τ d), τ d being the scintillator’s decay time
constant. The photon is detected by one of the light-sensitive elements of the SiPM, a single-photon ava-
lanche diode (SPAD), which generates a current pulse that is approximately proportional to exp(−(t–
t0)/τ r) provided t–t0 ⩾ 0. Here, τ r is the recharge time constant. Since the SPADs on a single SiPM are
connected in parallel, the pulse produced by an SiPM-based scintillation detector in response to an x-ray
photon is the convolution of these two exponential functions, although with statistical fluctuations due
to the limited number of scintillation photons detected per unit time (Van der Sar et al 2021).

Our goal in this work is to evaluate experimentally the counting and spectral performance of three
1 × 1 mm2 single-pixel x-ray PCDs consisting of an ultrafast SiPM (τ r ⩽ 9 ns) coupled to either a
LYSO:Ce, YAP:Ce, or LaBr3:Ce scintillation crystal. These scintillators have a lower value of τ d, and
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thus better counting potential, than scintillators explored by others for photon-counting applications
(Sagisaka et al 2023, Shimazoe et al 2023). We optimize pulse processing for count rate capability rather
than energy resolution, and measure count rate curves and energy spectra using an x-ray tube, and
energy resolutions at 60 keV using an Am-241 source. These measurements are then compared to those
found in literature for direct-conversion detectors developed for photon-counting CT. It is noted that
preliminary results of this work have been presented elsewhere (Van der Sar et al 2022a, Van der Sar et al
2022b). In this paper, we provide the details of constructing the prototype detectors, extend the count
rate curves of the LaBr3:Ce detector to an incident fluence rate of 108 photons per pixel per second, and
not only show Am-241 spectra (60 keV), but also Ba-133 (32 and 81 keV) and Co-57 (14 and 122 keV)
spectra for all three detectors, which allows for a more complete assessment of the spectral capabilities of
the detectors.

2. Method

2.1. Detectors
We built single-pixel detectors based on 1.5 mm thick Lu1.8Y0.2SiO5:Ce (LYSO:Ce, from Project Shanghai
Crystals), 4.5 mm thick YAlO3:Ce (YAP:Ce, from Crytur) and 3.5 mm thick LaBr3:Ce (LaBr3:Ce, from
Luxium Solutions, formerly Saint Gobain Crystals) scintillation crystals, all with a cross-sectional area of
1 × 1 mm2. Table 1 shows a few relevant properties of these scintillators, as specified by major scintil-
lator manufacturers.

Each scintillation crystal was coupled to a 1 × 1 mm2 ultrafast SiPM from Broadcom (see
figure 1(a)). These SiPMs are based on the company’s commercially available near-ultraviolet high-
density (NUV-HD) technology, but feature a reduced SPAD pitch of 15 µm and adjusted quenching res-
istors, so that, at a bias voltage of 34 V, i.e. at 7 V above the breakdown voltage, they exhibit a recharge
time constant of 7 ns (YAP:Ce and LaBr3:Ce detectors) or 9 ns (LYSO:Ce detector), an internal gain
of about 8 × 105, an (optical) photon detection efficiency (PDE) of about 20%–30% in the relevant
wavelength range, a dark count rate in the order of 0.1 Mcps per mm2 (also see section 3.1), a crosstalk
probability below 10%, and negligible afterpulsing (<1%). More information on these SiPM properties
can be found in review papers, e.g. (Piemonte and Gola 2019) and (Schaart 2021).

We used Norland Optical Adhesive 63 (NOA 63) for the LYSO:Ce detector and NOA 88 for the
YAP:Ce detector to make an optical coupling between scintillation crystal and SiPM. The two adhes-
ives were selected because of their optimal transmittance at the emission wavelengths of each scintillator.
Since LaBr3:Ce is a hygroscopic scintillator, the LaBr3:Ce detector was built in a glovebox with a dry
nitrogen atmosphere, and the very low outgassing, optically transparent MasterBond EP30-2 epoxy was
used for the optical coupling. As shown in figure 1(b), we subsequently covered the crystals in highly
reflective polytetrafluoroethylene (Teflon) powder, which we compressed to increase the light collection
efficiency on the SiPM. Lastly, we sealed the LaBr3:Ce detector using a two-component epoxy, so that we
were able to conduct experiments outside the glovebox with this detector. See figure 1(c) for a picture of
the resulting detector, and figure 1(d) for a schematic drawing.

2.2. Signal processing
The detectors were connected to Broadcom’s AFBR-S4E001 evaluation board, which has a 166 V A−1

amplifier stage that preserves the shape of the raw pulses (figure 2, left). The board’s output signal was
digitized by a TeledyneLeCroy HDO9409 digital oscilloscope operating at a bandwidth of 200 MHz and
at a sampling rate of 1 GS s−1 (figure 2, center). Subsequent signal processing was done in the digital
domain (figure 2, right). We first applied a correction for any (constant) electronic offsets, if these were

Table 1. A few scintillator properties as specified by major manufacturers, i.e. Luxium Solutions (formerly Saint Gobain Crystals) for
LYSO:Ce and LaBr3:Ce, and Crytur for YAP:Ce. The emission wavelength is that with the maximum intensity in the spectrum. The

effective atomic number was calculated as 3.5
√

ΣaiZ3.5
i , with a and Z the atomic weight fraction and the atomic number of the ith

element in the material, respectively. This formula is valid if the photo-electric effect is the dominant interaction mechanism, which is
the case for the materials and the energy range studied here (E ⩽ 122 keV).

Lu1.8Y0.2SiO5:Ce (LYSO:Ce) YAlO3:Ce (YAP:Ce) LaBr3:Ce

Decay time constant τ d (ns) 36 25 16
Light yield Y (photons keV−1) 33 25 63
Emission wavelength (nm) 420 370 380
Mass density ρ (g cm−3) 7.1 5.4 5.1
Effective atomic number 65 33 46
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Figure 1. Overview of the assembly process of a single-pixel detector. (a) We first glued a scintillation crystal on a silicon pho-
tomultiplier (SiPM) using optically transparent glue. (b) Next, we covered the crystal in white polytetrafluoroethylene (PTFE,
Teflon) powder, which was then compressed to increase reflectivity. (c) Only in the case of the hygroscopic LaBr3:Ce scintillator,
we additionally applied an air-tight epoxy sealing around the detector. (d) A schematic drawing of the fully assembled LaBr3:Ce
detector.

Figure 2. The detectors were mounted on Broadcom’s AFBR-S4E001 evaluation board, which converts the current pulses from
the SiPM into voltage pulses via a 166 V A−1 amplification stage, while preserving the raw pulse shapes. Through a buffer and
a 50 Ω impedance, the voltage pulses were fed into and digitized by a TeledyneLeCroy HDO9409 digital oscilloscope operating
at a bandwidth of 200 MHz and at a sampling rate of 1 GS s−1. Subsequent signal processing was done in the digital domain.
Details on the digital implementation of the second order low-pass filters and the (non)paralyzable-like counting algorithms can
be found in Van der Sar and Schaart (2025) and in section 2.4 of this paper.

observed, to measurements conducted at low incident rate, i.e. with virtually no pile-up present. The
exact same correction was then also applied to measurements at higher rates, so that possible addi-
tional baseline shifts due to pile-up at these higher rates were not corrected for. We subsequently applied
a second-order low-pass filter with cut-off frequency f c to suppress the statistical fluctuations on the
pulses. The digital implementation of these filters is described in Van der Sar and Schaart (2025). Such
fluctuations occur due to the finite number of scintillation photons detected per unit time, as explained
in section 1. Figure 3 shows that filters with higher values of f c lead to shorter pulses, which provide
higher count rate capability, while they are less effective in suppressing the fluctuations on the pulses.
Insufficient suppression will too often result in multiple counts for a single pulse, if a count is registered
for every positive crossing of a predefined threshold, for example. Since we aim to push the rate cap-
ability in this work, we selected values of f c that just sufficiently suppress the fluctuations. A value of
25 MHz turned out to be a suitable value of f c for the LYSO:Ce and YAP:Ce detectors. In contrast, the
raw pulses from the LaBr3:Ce detector intrinsically have a lower level of statistical fluctuations, because
this scintillator provides at least two times as many scintillation photons in about twice as short a time
(see table 1). Figure 3 shows that this allowed f c to be increased to 100 MHz for the LaBr3:Ce detector,
but not for the LYSO:Ce and YAP:Ce detectors.
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Figure 3. The effect of applying second-order low-pass filters with different cut-off frequencies f c on the raw pulse trains coming
from (a) the LYSO:Ce detector, (b) the YAP:Ce detector, and (c) the LaBr3:Ce detector. Higher values of f c lead to shorter pulses,
but are less effective in reducing the random fluctuations on the pulses. The figure shows that f c = 100 MHz gives rise to smooth
pulses in the case of the LaBr3:Ce detector, but not in the case of the LYSO:Ce and YAP:Ce detectors. As such, f c = 100 MHz can
only be used for the LaBr3:Ce detector.

2.3. Experiments using radioactive sources
We exposed each detector to three radioactive sources: Am-241 (∼102 kBq), Ba-133 (∼102 kBq), and
Co-57 (∼103 kBq) and recorded 105 pulses per combination of source and detector. We then applied
second-order low-pass filters as described in section 2.2. For each filtered pulse, we determined the max-
imum signal, i.e. the pulse height, as a measure of the energy deposited. We used these data to con-
struct pulse height histograms, in which we identified the full-energy peaks associated with the following
photon emissions: 14 keV (Co-57), 32 keV (Ba-133), 60 keV (Am-241), 81 keV (Ba-133), and 122 keV
(Co-57). It is noted that Ba-133 does not have a single gamma emission line at 32 keV, but emits a
few narrowly spaced K x-rays, the emission yield-weighted average energy of which equals 32 keV. We
determined the mean pulse height µ for each of the above-mentioned energies E from Gaussian fits to
the measured full-energy peaks. We furthermore calculated the non-proportionality factor f non-pr with
respect to the detector response at the highest energy of 122 keV as follows:

fnon−pr (E) =
122 keV · µ(E)
µ(122 keV) · E

. (1)

The more f non-pr deviates from 1, the stronger the dependency of the scintillator’s light yield on
energy, which negatively affects the energy resolution (see section 1). We also calculated the low-rate
full-width-at-half-maximum (FWHM) energy resolution R of each detector at E = 60 keV. We did so
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Figure 4. X-ray spectrum calculated by the SpekCalc software (Poludniowski et al. 2009) for an x-ray tube operating at a tube
voltage of 120 kV, and having a tungsten target, an anode angle of 20◦, and 3.0 mm Be and 7.5 mm Al filtration in total. This
spectrum, which has a mean energy of 61.2 keV, was used in all experiments with an x-ray tube in this work.

from µ and the standard deviation σ obtained from the Gaussian fit to the full-energy peak in the Am-
241 pulse height histogram in the following way:

R(E) =
2.355 ·σ (E)

µ(E)
· 100%. (2)

2.4. Experiments using an x-ray tube
We also exposed each detector to an Yxlon Y.TU 320-D03 x-ray tube with a tungsten target and an
anode angle of 20◦. The sum of the intrinsic and added filtration was equal to 3.0 mm Be and 7.5 mm
Al, and the tube voltage was set to 120 kV. The resulting spectrum, as calculated by the SpekCalc soft-
ware (Poludniowski et al 2009), is shown in figure 4.

We gradually increased the tube current from the minimum value of 0.5 mA to the maximum value
of 20 mA, while keeping the detector at a fixed distance from the source. This source-detector dis-
tance (SDD) was chosen such that hardly any pulse pile-up occurred in the measurement at 0.5 mA.
We collected ten pulse trains of 100 ms for each tube current setting. These pulse trains were analyzed
by means of a paralyzable-like (p-like) counting algorithm and a nonparalyzable-like (np-like) count-
ing algorithm. Both algorithms make use of a count detection threshold, which we set to either 15 keV
or 30 keV, covering the range of lowest-energy thresholds commonly applied in CdTe/CZT detectors.
We determined the corresponding voltage levels by linear interpolation between the mean pulse heights
measured at 14 keV and 32 keV with the radioactive sources (see section 2.3).

The p-like algorithm registers a count when the pulse train causes a positive threshold crossing.
The maximum signal before the subsequent negative threshold crossing, which we refer to as the pulse
height, is considered a measure of the energy associated with that count. The np-like algorithm, on
the other hand, registers a count when a positive threshold crossing takes place, and evaluates whether
or not the pulse train is still above threshold at the end of a window of duration τnp following that
threshold crossing. If so, a new count is registered and the evaluation is repeated a period of time τnp
later. This cycle is repeated until the outcome of the evaluation is negative. Then, the algorithm registers
a new count when the next positive threshold crossing takes place. The maximum signal within τnp
(‘the pulse height’) is considered a measure of the energy associated with that count. In order to prevent
counting single x-ray photons twice, it is crucial that τnp,x for an x keV threshold exceeds the maximum
time-over-the x keV threshold (ToTmax,x) of the pulses. Figure 5 contains the five mean pulse shapes of
events that ended up in the five full-energy peaks measured with the LaBr3:Ce detector (f c = 100 MHz)
and the three radioactive sources mentioned in section 2.3. It shows that the larger the energy depos-
ition in the scintillator, the larger ToTx. Since the maximum photon energy in the x-ray tube experi-
ments is 120 keV (see figure 4), we determined ToTmax,15 keV and ToTmax,30 keV for all detectors from the
mean pulse shape of events that ended up in the 122 keV peak measured with the Co-57 source. We
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Figure 5.Mean shape of the pulses due to the full absorption of photons of various energies in the LaBr3:Ce detector ( f c =
100 MHz). The 15 keV and 30 keV count-detection thresholds are also visualized, as well as the maximum time-over-the x keV
thresholds (ToTmax,x), i.e. the ToTx for the 122 keV pulse. We chose τ np values for the np-like counting algorithm that exceed
these values of ToTmax,x (see table 2).

Table 2. The values of the parameter τ np in the nonparalyzable-like counting algorithm for 15 keV and 30 keV count-detection
thresholds, as used for the four combinations of scintillation material and cut-off frequency f c in this work.

Scintillation material f c (MHz) τnp,15 keV (ns) τnp,30 keV (ns)

LYSO:Ce 25 130 100
YAP:Ce 25 100 80
LaBr3:Ce 25 70 60
LaBr3:Ce 100 55 45

then selected values of τnp,15 keV and τnp,30 keV that slightly exceed the values of ToTmax,x found in this
way. These τnp,x values are given in table 2.

Using a given combination of counting algorithm and threshold, we determined the number of
counts in each of the ten pulse trains of 100 ms acquired at a certain tube current. We then calculated
the output count rate (OCR) for each pulse train and averaged these OCRs to obtain a mean OCR
at that tube current. We repeated this for each tube current in order to be able to plot a count rate
curve, i.e. (mean) OCR as a function of tube current. However, it is more insightful to plot OCR as a
function of input count rate (ICR). We therefore estimated an ICR for each tube current by assuming
ICR = OCR for a tube current of 0.5 mA and a 15 keV threshold, and by making use of the fact that
the ICR is proportional to the tube current. The former is a valid assumption, because we made sure
there was hardly any pulse pile-up occurring at 0.5 mA and the minimum energy in the x-ray tube spec-
tra exceeded 15 keV (see figure 4). We plot these estimated ICRs along the top horizontal axes of the
count rate curve diagrams.

Furthermore, we show histograms of the pulse heights associated with the counts registered at the
lowest ICR, i.e. at a tube current of 0.5 mA. These are the measured x-ray spectra. Using linear interpol-
ation of the data on pulse height as a function of photon energy (see section 2.3), we plot x-ray energy
along the top horizontal axes of these diagrams.

3. Results

3.1. Pulse height spectra of radioactive sources
Figures 6(a), (b) and (c) show the pulse height spectra of the three radioactive sources measured with
the LYSO:Ce, YAP:Ce, and LaBr3:Ce detectors, respectively.

The peaks resulting from the full absorption of 122 keV photons from the Co-57 source can be
appreciated on the far right-hand side of the corresponding spectra. These peaks are typically accom-
panied by satellite peaks on their left-hand side, which represent photo-electric absorption events in
which the resulting K x-ray escapes from the crystal. The average K x-ray energy equals 55 keV and
34 keV for the elements Lu and La, respectively, so this K-escape peak occurs at 67 keV in case of the
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Figure 6. Pulse height spectra of the Am-241, Ba-133, and Co-57 sources as measured with (a) the LYSO:Ce detector, (b) the
YAP:Ce detector, and (c) the LaBr3:Ce detector. All raw pulses were first filtered by a second-order low-pass filter with a cut-off
frequency of 25 MHz before their pulse heights were determined. The dashed curves are Gaussian fits to the 60 keV peak, which
were used to determine the full-width-at-half-maximum (FWHM) energy resolution. They run from 90% of the maximum on
the left-hand side to 10% of the maximum on the right-hand side of the peak, in order to exclude the effect of the asymmetry of
the peak on the energy resolution. The asymmetry is due to photons that have Compton scattered in the materials surrounding
the scintillator (see figure 1) before being detected, as well as due to K-escape for some detectors.

LYSO:Ce detector (figure 6(a)) and at 88 keV in case of the LaBr3:Ce detector (figure 6(c)). Yttrium K x-
rays have an average energy of only 15 keV, so the counts in the Co-57 spectrum of the YAP:Ce detector
(figure 6(b)) around 40 mV are too far away from the 122 keV peak to represent K-escape events. It is
more likely that these are due to 122 keV photons that have Compton-scattered in the materials sur-
rounding the scintillator, i.e. mainly in the compressed Teflon powder (with a low effective atomic num-
ber) in the case of the YAP:Ce detector (see figure 1(b)). The maximum energy loss due to Compton
scattering in these materials is 39 keV for 122 keV photons, meaning that this continuum of counts
starts at an energy of 83 keV. K x-rays from the lead shielding of the set-up (with an average energy of
77 keV) may also contribute to this continuum of counts. It is noted that similar counts have likely been
registered by the LYSO:Ce and LaBr3:Ce detectors, but they cannot be clearly resolved from the K-escape
peaks in these cases.

Co-57 also emits 14 keV photons, giving rise to the indicated peaks on the left-hand side of the spec-
tra. In the case of the YAP:Ce detector (figure 6(b)), this peak overlaps with what is likely a Compton
plateau, which extends to 39 keV for incident photons with an energy of 122 keV. Because of the rel-
atively low Zeff of YAP:Ce (33, see table 1), Compton scattering is much more likely (37% of all inter-
actions at 122 keV) than in LYSO:Ce and LaBr3:Ce (6.6% and 15%, respectively). Thus, the corres-
ponding features in figures 6(a) and (c), although present, are much weaker. Especially in the case of
the LaBr3:Ce detector (figure 6(c)), the Compton plateau is hardly visible, because it is spread out over
many more 1 mV bins.

There is an additional feature, which is not only present in the Co-57 spectrum, but in all spec-
tra measured with the YAP:Ce detector, namely the small peak at 2 mV (see figure 6(b)). This peak is
due to SiPM dark counts, which generally constitute the main source of noise in SiPM-based detectors
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(Piemonte and Gola 2019). It is noteworthy that there is hardly any overlap between this noise peak and
the 14 keV peak, so dark counts can be simply and effectively rejected during data/image acquisition by
setting the lowest threshold to a voltage level equivalent to at least 10 keV. The LYSO:Ce and LaBr3:Ce
detectors output stronger pulses in response to a single x-ray or gamma-ray photon (see figure 6), due
to the higher light yield of these scintillators, for example (see table 1). The dark counts with a pulse
height around 2 mV thus coincide with counts due to photons with an energy much less than 10 keV
for these detectors. This means that a lowest threshold of far less than 10 keV is already sufficient to
reject dark counts during acquisition. Indeed, we were able to set a trigger threshold on the digital oscil-
loscope that completely rejected the dark counts, without removing any part of the 14 keV peak. That is
why the noise peak is absent in the spectra shown in figures 6(a) and (c).

The main peaks in the Ba-133 spectra are due to a narrow band of x-rays centered at 32 keV and a
gamma-ray at 81 keV. Overlapping K-escape peaks can be seen on the left-hand side of the 32 keV peaks
in figures 6(b) and (c). These are caused by the escape of bromine and yttrium K x-rays with average
energies of 12 keV and 15 keV, respectively. In the LYSO:Ce detector (figure 6(a)), K-escape is negligible
at an energy of 32 keV, because this energy is below the K-edge energy of Lu (63 keV). For photons
with an energy of 81 keV, on the other hand, K-escape leads to an average energy deposition of 26 keV
in the LYSO:Ce detector. As a result, the corresponding peak cannot be distinguished from the 32 keV
peak. In the case of the YAP:Ce detector, the 81 keV peak is asymmetric because it overlaps with a K-
escape peak around 66 keV. The K-escape peak lies at 47 keV in the case of the LaBr3:Ce detector and
contributes to the continuum of counts observed between the 32 keV and 81 keV peaks. Compton scat-
tering of 81 keV photons in the low-Zeff materials surrounding the LaBr3:Ce crystal, such as the epoxy
seal and the Teflon powder (see figures 1(b) and (c)), may further contribute to this continuum. For the
LYSO:Ce and YAP:Ce detectors, this effect likely contributes to the asymmetric shape of the 81 keV full-
energy peak.

In the case of the Am-241 source, the 60 keV full-energy peak is of main interest, because the other
peak is due to a broad band of x-rays (11–22 keV). The spectrum measured with the LaBr3:Ce detector
(figure 6(c)) contains a lanthanum K-escape peak at 26 keV, which overlaps with the x-ray peak. The
K-escape peak should be around 45 keV for the YAP:Ce detector, but cannot be distinguished from the
60 keV peak. Instead, it may contribute to the somewhat asymmetric shape of this peak (figure 6(b)).
However, Compton scattering of 60 keV photons in the materials surrounding the scintillators, which
leads to counts of at least 49 keV, also contributes to this asymmetry, given the clearly asymmetric shape
of the 60 keV peak in the spectrum measured with the LaBr3:Ce detector. K-escape from the LYSO:Ce
crystal is again negligible for incident photon energies below the K-edge energy of 63 keV, so any asym-
metry in the 60 keV peak in figure 6(a) can be due to Compton scattering, as well.

3.2. Energy resolution
The FWHM energy resolution of the 60 keV full-energy peak in an Am-241 spectrum is a commonly
reported measure of spectral performance of x-ray PCDs. However, as discussed above and visualized
in figure 6, counts due to photons that have Compton-scattered in low-Zeff materials surrounding the
crystal tend to make this peak asymmetric in our experiments. Meanwhile, such counts are unlikely
in a pixel array, because Compton scattering hardly occurs in the investigated scintillation materials at
60 keV due to their higher Zeff. We therefore tried to minimize the effect of these counts on the FWHM
energy resolution. We did so by determining the energy resolution from a Gaussian fit to the 60 keV
peak starting at 90% of the maximum on the left-hand side and extending till 10% of the maximum on
the right-hand side of the peak (see figure 6). We thus found FWHM energy resolutions at 60 keV of
34% (LYSO:Ce, f c = 25 MHz), 35% (YAP:Ce, f c = 25 MHz), 19% (LaBr3:Ce, f c = 25 MHz), and 22%
(LaBr3:Ce, f c = 100 MHz). A lower f c leads to a somewhat better energy resolution for the LaBr3:Ce
detector, because it is more effective in reducing the pulse height variations among the pulses. Figure 6
furthermore shows that the superior energy resolution of the LaBr3:Ce detector clearly provides better
spectral separation between 60 keV and 81 keV photons, for example. This may allow for an additional
energy bin in practice (see section 1), without too many photons being registered in a wrong bin.

3.3. Non-proportionality
We determined the (mean) pulse height and the non-proportionality factor f non-pr (see equation (1))
as a function of energy for each detector from the data presented in figure 6. The results are shown
in figure 7. It can be observed that the LYSO:Ce detector is considerably less proportional than the
YAP:Ce and LaBr3:Ce detectors. Non-proportionality is a well-known characteristic of the LYSO:Ce
scintillator itself (Khodyuk and Dorenbos 2012). The same holds for the remarkable behavior of f non-pr
around the K-edge of lutetium at 63 keV. The relatively large deviation of f non-pr from 1 largely explains
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Figure 7. (Mean) pulse height as a function of energy, determined from Gaussian fits to the data in figure 6 for (a) the LYSO:Ce
detector, (b) the YAP:Ce detector, and (c) the LaBr3:Ce detector, with the cut-off frequency set to 25 MHz in all cases. The right
axes show the non-proportionality factor f non-pr with respect to 122 keV, as defined in equation (1).

why the above-mentioned energy resolution of the LYSO:Ce detector is similar to that of the YAP:Ce
detector despite a much stronger signal from the LYSO:Ce detector, i.e. more detected optical scintilla-
tion photons, caused by the higher light yield of LYSO:Ce, for example (see table 1). f non-pr only sub-
stantially deviates from 1 for the YAP:Ce and LaBr3:Ce detectors around 14 keV. This deviation is in
fact unexpected and may be related to the fact that f non-pr becomes sensitive to small errors in the fit-
ted value of the mean pulse height when the photon energy becomes low compared with the reference
energy of 122 keV (see equation (1)).

3.4. SiPM saturation
The proportional response of the YAP:Ce and LaBr3:Ce detectors in the 30–120 keV range and the
intrinsic non-proportionality of the LYSO:Ce scintillator, as shown in figure 7 and discussed in
section 3.3, imply that SiPM saturation is negligible in these detectors and the measured energy resol-
utions in section 3.2 need not be corrected for it. Such a low level of saturation is also expected based
on a detailed computational model of SiPM saturation applied to these detectors in our previous work
(Van der Sar et al 2021, Van der Sar and Schaart 2021). Moreover, a first order estimate shows that even
for the LaBr3:Ce detector, which is most prone to saturation due to the relatively high number of optical
photons detected per unit time, the saturation level remains low: That is, even if 120 keV (highest
energy) × 63 photons keV−1 (light yield) × 0.5 (light collection efficiency) × 0.25 (PDE) = 945 SPADs
are triggered, this number of triggered SPADs is still much lower than the (1000 µm (pixel dimen-
sion)/15 µm (SPAD pitch))2 = 4444 SPADs available per pixel. Low saturation is therefore expected,
especially considering that the SPAD recharge time constant is less than the scintillation decay time con-
stant. See table 1 and section 2.1 for the parameter values used in this simple calculation of the satura-
tion level.

3.5. X-ray tube spectra
Figure 8 shows the x-ray tube spectra measured with the three detectors, using the paralyzable-like
counting algorithm with a 15 keV threshold, at the lowest tube current of 0.5 mA. The top horizontal
axes show the energy in keV, derived from the data in figure 7. The tube voltage was 120 kV in all
measurements. We notice little spectral overflow to energies above 120 keV, confirming that the pile-up
level is low at this tube current. It is noted that the few counts registered above 120 keV can also result
from the finite energy resolution of the detectors. Comparing the spectra in figure 8 to the ground truth
in figure 4, we notice two main differences. Firstly, the K x-ray lines of the tungsten target are blurred.
They are best resolved from the underlying Bremsstrahlung spectrum by the LaBr3:Ce detector. This is in
line with the observation that this detector offers the best energy resolution (see section 3.2). Secondly,
the spectral intensity does not drop to zero around 20 keV, as expected based on figure 4. Registered
counts around this energy are probably due to x-ray photons that first scatter in the materials surround-
ing the scintillation crystals (see figure 1) and x-ray photons that deposit only part of their energy in
the scintillator during a Compton interaction. K-escape can also result in counts around 20 keV. For
example, the high count rate registered by the LYSO:Ce detector at 15 keV (see figure 8(a)) may be due
to K-escape following the photo-electric absorption of photons with an energy around 70 keV.

3.6. Count rate performance
Figure 9 shows the count rate curves obtained with the LYSO:Ce and YAP:Ce detectors. The curves
for p-like counting indeed show paralyzable-like behavior, i.e. the OCR first reaches a maximum
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Figure 8. X-ray tube spectra measured with (a) the LYSO:Ce detector, (b) the YAP:Ce detector, and (c) the LaBr3:Ce detector
( f c = 25 MHz). See figure 4 for a ground truth spectrum. The spectra shown here were acquired at a tube current of 0.5 mA,
using a paralyzable-like counting algorithm with a 15 keV threshold. The conversion from pulse height (bottom horizontal axis)
to energy (top horizontal axis) is based on the curves shown in figure 7.

Figure 9. Count rate curves, i.e. output count rate as a function of tube current (bottom horizontal axis) or (estimated) input
count rate (top horizontal axis), for paralyzable-like (p-like) and nonparalyzable-like (np-like) counting algorithms and two low-
energy count detection thresholds, measured with (a) the LYSO:Ce detector and (b) the YAP:Ce detector. The dashed line for
ideal counting represents the case of the OCR equaling the estimated ICR.

before it decreases towards zero for increasing ICRs. The LYSO:Ce detector reaches maximum OCRs
of 3.5 Mcps pixel−1 and 4.5 Mcps pixel−1 for 15 keV and 30 keV count detection thresholds, respect-
ively, while the YAP:Ce detector achieves maximum OCRs of 4.3 Mcps pixel−1 and 5.4 Mcps pixel−1 for
these thresholds. The corresponding estimated ICRs are about 2.5 times as large for both detectors. The
detectors should only be used up to these values of ICR, so that the conversion of a measured OCR into
an ICR, which is needed to determine the transmission of the object to be imaged, remains unambigu-
ous. However, the closer the ICR to this maximally allowed ICR, the lower the contrast sensitivity.

Likewise, the curves for np-like counting show typical nonparalyzable behavior, i.e. they approach
asymptotic values defined by OCR = 1/τnp. The used values of τnp were provided in table 2. In the case
of the LYSO:Ce detector, the asymptotic values equal 7.7 Mcps pixel−1 and 10 Mcps pixel−1 for 15 keV
and 30 keV thresholds, respectively. The curves for the YAP:Ce detector approach 10 Mcps pixel−1 and
12.5 Mcps pixel−1 for these thresholds. Since the curves do not have a maximum, there is no limit on
the usable range of ICRs, although it again holds that the contrast sensitivity is lower in the flatter parts
of the curves.

Comparing the results for the LYSO:Ce and YAP:Ce detectors, we observe that the latter performs
somewhat better from a count-rate capability point-of-view. Not only the (slightly) faster decay time
constant of YAP:Ce explains this observation, but also its more proportional energy response (see
figures 7(a) and (b)). This can be understood as follows: If an x-ray photon with an energy of, say,
60 keV deposits its energy in a scintillator, the resulting detector pulse will be longer above the threshold
when f non-pr(Ethreshold) < f non-pr(60 keV), compared to when f non-pr(Ethreshold) ⩾ f non-pr(60 keV) (also see
equation (1)).

The count rate curves of the LaBr3:Ce detector are shown in figure 10. For a cut-off frequency
of 25 MHz (figure 10(a)) and p-like counting, we observe maximum OCRs of 6.0 Mcps pixel−1 and
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Figure 10. Count rate curves, i.e. output count rate as a function of tube current (bottom horizontal axis) or (estimated) input
count rate (top horizontal axis), for two counting algorithms and two low-energy thresholds, measured using the LaBr3:Ce
detector with (a) f c = 25 MHz and (b) f c = 100 MHz. The dashed line is the case of output count rate equaling input count
rate.

7.4 Mcps pixel−1 for 15 keV and 30 keV thresholds, respectively. The corresponding estimated ICRs
are about 2.5 times as large. The curves for np-like counting approach an asymptotic value just above
14.0 Mcps pixel−1 with a 15 keV threshold, and a value around 16.5 Mcps pixel−1 with a 30 keV
threshold, in line with expectations based on calculating 1/τnp for the values of τnp listed in table 2.

Although the scintillation decay of LaBr3:Ce is about twice as fast as that of LYSO:Ce and YAP:Ce,
we do not yet observe twice as high OCRs. This is because we kept the cut-off frequency of the second-
order low-pass filter at 25 MHz, which results in a substantial elongation of the pulses compared
with the raw pulses (see figure 3(c)). Thus, to increase the rate capability by a factor of two, the time
constant of the low-pass filter must also be reduced by a factor of two. Since f c of a low-pass fil-
ter is inversely proportional to that time constant, an f c of at least 50 MHz is needed. We showed
in figure 4(c) that the high number of scintillation photons emitted and detected per unit time in
the LaBr3:Ce detector makes it even possible to increase f c to 100 MHz. The count rate curves for
f c = 100 MHz are shown in figure 10(b). The maximum OCRs for p-like counting now increase to
8.3 Mcps pixel−1 and 10.4 Mcps pixel−1 for the 15 keV and 30 keV thresholds, respectively, while the
curves for np-like counting approach 18 Mcps pixel−1 and 22 Mcps pixel−1 for the same two thresholds.
Those values are indeed about twice as high as the corresponding values for the LYSO:Ce and YAP:Ce
detectors, and again in line with expectations based on calculating 1/τnp for the values of τnp listed in
table 2.

For completion, we note that the curves in figure 10 feature a small discontinuity at the maximum
tube current of 20 mA. Since the LaBr3:Ce detector in np-like counting mode appeared to be able to
deal with considerably higher ICRs than could be reached with this tube current at the initial SDD, we
performed additional measurements at a two-fold reduced SDD (which should yield a four-times as high
ICR), starting a new tube current sweep at 5 mA (which should yield a four-times as low ICR). This is
the reason why the horizontal axes in figure 10 are labeled effective tube current. The small discontinuit-
ies in the curves indicate that we did not manage to reduce the SDD by exactly a factor two.

4. Discussion

4.1. Single-pixel performance measurements
We measured the count rate curves and the low-fluence rate spectral performance, i.e. the proportion-
ality of the energy response, the FWHM energy resolution at 60 keV, and the incident x-ray tube spec-
trum, of three 1 × 1 mm2 single-pixel detectors consisting of either an LYSO:Ce, YAP:Ce, or LaBr3:Ce
scintillation crystal coupled to an ultrafast SiPM. Pulse processing consisted of current-to-voltage conver-
sion, a second-order low-pass filter with cut-off frequency f c optimized for counting performance rather
than energy resolution, and either a paralyzable-like or nonparalyzable-like counting algorithm. Both
algorithms consider pulse height as a measure of energy deposited.

As expected on the basis of scintillator characterization studies in literature (Khodyuk and Dorenbos
2012), the YAP:Ce and LaBr3:Ce detectors showed a highly proportional response within the energy
range investigated here (14 keV–122 keV). The LaBr3:Ce detector achieved the best energy resolution
at 60 keV of 19% FWHM for f c = 25 MHz and 22% FWHM for f c = 100 MHz. The former value is
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comparable to at least one CdTe detector developed for a diagnostic photon-counting CT (PCCT) pro-
totype scanner of a major vendor (Steadman et al 2011). However, CdTe/CZT detectors developed with
medical imaging applications in mind having energy resolutions at 60 keV of 4%–8% FWHM have also
been reported (Steadman et al 2017, Zambon et al 2018, Thuering et al 2019).

A factor limiting the number of detected scintillation photons, and therefore the energy resolution, is
the rather low (20%–30%) PDE of the SiPMs used here. This means that only 20%–30% of the scintil-
lation photons incident on the SiPM are actually detected. However, an innovative, very fast (recharge
time constant< 5 ns) SiPM with a PDE of 60% in the relevant wavelength range has already been
reported (Engelmann et al 2020). This twice to thrice as high PDE can lead to a factor √2 to √3 better
energy resolution. Especially the energy resolutions of detectors based on proportional scintillators, such
as YAP:Ce and LaBr3:Ce (see figure 7), are likely to benefit from a higher PDE. Thus, an energy resol-
ution better than 15% FWHM at 60 keV may be feasible with a LaBr3:Ce-based x-ray PCD. The best
energy resolution at 60 keV measured with LaBr3:Ce to date is 9.4% FWHM (Alekhin et al 2013).

In addition, we stress that the detectors presented in this work are prototypes. Further improvements
in reflector and optical coupling between scintillator and SiPM may therefore be possible. These would
also increase the number of detected scintillation photons, thereby contributing to the further improve-
ment of the energy resolution.

Moreover, we opted for a few mm of compressed PTFE (Teflon) powder as a reflector around the
scintillation crystal in this early stage of development. In the case of the hygroscopic LaBr3:Ce detector,
there was also an air-tight epoxy sealing around the detector (see figure 1). The 60 keV full-energy
peaks, from which the energy resolutions were determined, were somewhat asymmetric, likely because
some of the incident photons underwent Compton scattering in these surrounding materials with a
low effective atomic number before hitting the crystal. This effect will be absent in a practical imaging
detector, which primarily consists of a scintillation crystal array and typically contains relatively few low-
Zeff materials. Although we tried to mitigate the influence of the full-energy peak asymmetry on the
energy resolution by fitting Gaussians only to the high-energy side of the peaks (see figure 6), the val-
ues of the energy resolution found in this way may still be worse than those obtained with a detector
containing fewer low-Zeff materials.

The best count rate performance in this work was obtained with the LaBr3:Ce detector, using
f c = 100 MHz. The scintillator’s high light yield of 63 photons keV−1, in combination with its short
decay time constant τ d of 16 ns, enables this high value of f c by increasing the number of optical
photons emitted and detected per unit time, thereby reducing the statistical fluctuations on the pulses
(see section 2.2 and figure 3). When operated in p-like counting mode with a 30 keV threshold, the
detector achieves a maximum OCR of 10.4 Mcps pixel−1, while the OCR approaches an asymptotic
value of 22 Mcps pixel−1 in np-like mode with the same threshold (see figure 10(b)). These values
are about 80% of the corresponding values for two CdTe and CZT detectors developed for diagnostic
PCCT (prototype) scanners of major vendors, namely 13 Mcps pixel−1 for p-like counting with a 30 keV
threshold (Steadman et al 2017) and 28–29 Mcps pixel−1 for np-like counting with a 25 keV threshold
(Kappler et al 2014), which corresponds to τnp ≈ 35 ns. Thus, equal count rate performance could
be achieved at the imaging system level using only marginally smaller pixels. Moreover, we note that
CdTe/CZT detectors with a lower maximum OCR of 4 Mcps pixel−1 in p-like mode (Zambon et al
2018), and an OCR approaching only 6.7 Mcps pixel−1 (τnp ≈ 150 ns), although with a pixel size of
only 150 µm, in np-like mode (Thuering et al 2019) have been developed with medical applications in
mind.

Given that the recharge time constant of the SiPM used in this work is less than the decay time
constant of LaBr3:Ce, higher OCRs per pixel could be achieved using a scintillator with τ d < 16 ns.
However, in order to benefit from a faster scintillation decay time constant, such a scintillator should
have a sufficiently high light yield so that f c need not be reduced to keep the pulse fluctuations at an
acceptable level. It was shown in Van Blaaderen et al (2023) that benzylammonium lead bromide is a
recently developed scintillator that meets this requirement. With τ d = 4.2 ns, this scintillator can outper-
form CdTe/CZT in terms of rate capability. Note that the requirement on the light yield can be mitig-
ated by using the aforementioned ultrafast SiPMs that have a higher PDE of 60%.

We note that it is not straightforward to make a fair and comprehensive comparison between our
scintillation detectors and CdTe/CZT detectors. Firstly, because performance metrics depend on exper-
imental conditions, pixel dimensions, and pulse processing, and, secondly, because basic performance
measures, such as energy resolution and rate capability, do not appear to have been published for the
most recent CdTe/CZT detectors developed for clinical systems. Nevertheless, the biggest difference
between LaBr3:Ce and CdTe/CZT detectors appears to lie in their energy resolutions, if measured in
terms of the FWHM of the full-energy peak in a pulse-height spectrum measured at very low count rate.
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In this context, it should be emphasized that the spectral performance of CdTe/CZT detectors is not only
determined by their low-rate FWHM energy resolution, but also by inter-pixel crosstalk phenomena, in
particular charge sharing (Taguchi et al 2024, Stierstorfer and Hupfer 2025).

The x-ray tube spectra measured with the scintillation detectors show a bump around the char-
acteristic x-ray energies of tungsten (see figure 8). Despite the observation that scintillation detectors
have a worse (LYSO:Ce and YAP:Ce) or at best similar (LaBr3:Ce) FWHM energy resolution compared
with CdTe/CZT detectors, this bump is typically weaker, or not present at all, in spectra acquired by
CdTe/CZT detectors with sub-0.5 mm pixels for PCCT as a result of charge sharing. At lower energies,
the intensity of the spectra measured with the scintillation detectors drops with decreasing energy (also
see figure 8), as in the incident x-ray spectrum (see figure 4). This feature is typically also not present in
spectra measured by CdTe/CZT detectors, again due to charge sharing (Taguchi et al 2024). Additionally,
the measured radionuclide spectra (see figure 6) do not show the broad distribution of partial-energy
events between 0 keV and the full-energy peak that is typically associated with charge sharing. It is noted
that these beneficial features may be less prominent in spectra measured by scintillator pixel arrays with
sub-0.5 mm pixels than in those of the single-pixel detectors studied here, due to light sharing between
pixels (imperfect reflectors) and/or characteristic x-rays from neighboring pixels.

4.2. Insights from recent simulation studies
It is of interest to view the results of the presented single-pixel experiments in the context of recently
published simulation studies that compare the performance of direct- and indirect-conversion materials
for pixel arrays.

For example, an in-silico study by Stierstorfer and Hupfer (2025), comparing arrays of miniatur-
ized CdTe and LaBr3:Ce pixels, showed that in terms of the detective quantum efficiency for both non-
spectral and spectral imaging tasks, such as water-iodine separation, LaBr3:Ce detectors have the poten-
tial to outperform so-far realized CdTe detectors. Figure 6 in their paper clearly illustrates the import-
ance of charge sharing in this regard: While in their work the modeled CdTe detector exhibits a better
FWHM energy resolution than the LaBr3:Ce detector, the fraction of events that fall outside the full-
energy peak is much larger due to charge sharing in the case of the CdTe detector, resulting in a lower
fraction of events being registered in the correct energy bin.

Moreover, another in-silico study by Taguchi et al (2024), comparing arrays of CdTe and LaBr3:Ce
with miniaturized pixels, showed that a LaBr3:Ce detector potentially performs better than a CdTe
detector in spectral imaging tasks, such as two- and three-material decomposition (K-edge imaging),
due to the absence of charge sharing. Notably, they found that this holds over the whole range of fluence
rates expected in diagnostic CT.

In our work, we have taken the first steps towards realizing an LaBr3:Ce detector that can be used to
demonstrate the potential benefits of fast scintillation detectors predicted by the two aforementioned
simulation studies in benchtop imaging experiments. We have done so by constructing a single-pixel
detector and showing that its counting and spectral performance are close to those found in literature
for CdTe/CZT detectors developed for (prototype) diagnostic PCCT systems. These findings warrant the
development of multi-pixel PCDs based on fast scintillators and the experimental assessment of their
performance.

4.3. Outlook
In order to realize such a LaBr3:Ce-based PCD, it is important that finely pixelated arrays are developed,
with thin reflectors (well below 100 µm) in order to ensure high geometrical detection/dose efficiency.
Examples of 38 µm to 65 µm thick reflectors can be found in, e.g. (Imai et al 2009), (Cherry and Qi
2012), (Godinez et al 2017), and (Shimazoe et al 2023).

Furthermore, it must be noted that LaBr3:Ce is a hygroscopic material, requiring an air-tight sealing.
Practical LaBr3:Ce detectors are typically sealed using a thin layer of aluminum, as is the case for other
hygroscopic scintillators, such as NaI:Tl. Such detectors are routinely applied in a variety of applications,
including clinical applications, with expected life times exceeding 10 years. The other two scintillators
investigated here, LYSO:Ce and YAP:Ce, have the benefit that they are not hygroscopic, but their energy
resolutions exceed 30% FWHM at 60 keV and their maximum OCRs per pixel are approximately half of
that of the LaBr3:Ce detector (see figures 9 and 10(b)). Consequently, they would need about twice as
many pixels per unit area to achieve a similar rate capability per mm2, which comes with a number of
drawbacks, such as increased inter-pixel crosstalk due to characteristic x-rays and lower geometrical dose
efficiency for a given reflector thickness. Alternatively, the LYSO:Ce and YAP:Ce detectors may be useful
for x-ray imaging systems that are less demanding in terms of rate capability and pixel size than dia-
gnostic CT, such as cone-beam CT in (proton) radiotherapy (Van der Sar and Schaart 2025). Moreover,
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it also holds for the LYSO:Ce and YAP:Ce detectors that the aforementioned SiPMs with a PDE of 60%
likely yield a better energy resolution and allow for a cut-off frequency exceeding 25 MHz, thereby redu-
cing the pulse duration and improving the rate capability of these detectors.

5. Conclusion

The count rate curve and (low fluence rate) energy resolution are commonly used to describe the per-
formance of x-ray photon-counting detectors for medical imaging applications. Here, we measured these
parameters for three 1 × 1 mm2 single-pixel detectors consisting of LYSO:Ce, YAP:Ce or LaBr3:Ce scin-
tillation crystals coupled to ultrafast silicon photomultipliers.

The LYSO:Ce and YAP:Ce detectors reach maximum output count rates per pixel of about 40% of
those found in literature for CdTe- and CZT-based direct-conversion detectors developed for (proto-
type) diagnostic photon-counting CT systems, while their energy resolutions exceed 30% FWHM at
60 keV. The LaBr3:Ce detector, on the other hand, achieves maximum OCRs of 10.4 Mcps pixel−1 and
22 Mcps pixel−1 in paralyzable-like and nonparalyzable-like counting mode, respectively. These numbers
are about 80% of those of the above-mentioned direct-conversion detectors. Thus, equal count rate per-
formance may be achieved at the imaging system level using marginally smaller pixels. Moreover, the
LaBr3:Ce detector shows a proportional energy response, its energy resolution of about 20% FWHM
at 60 keV is similar to that of at least one CdTe detector developed for a prototype diagnostic photon-
counting CT system, and improvement to values better than 15% FWHM appears feasible. The x-ray
tube spectra measured with the scintillation detectors represent the true incident x-ray spectrum reason-
ably well.

Our results indicate that LaBr3:Ce-based detectors may become a viable alternative for direct-
conversion detectors for diagnostic PCCT, whereas LYSO:Ce- and YAP:Ce-based detectors appear more
suitable for applications that are less demanding in terms of fluence rate, such as cone-beam CT in
(proton) radiotherapy. Looking forward, further improvements in both counting and spectral perform-
ance are to be expected, if the SiPMs used here are replaced by SiPMs with a two to three times as high
optical photon detection efficiency, which have already been developed. Moreover, research and devel-
opment of faster scintillators than LaBr3:Ce with potential for photon-counting CT appears warranted,
because such scintillators could outperform CdTe/CZT in terms of count rate capability.
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