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X-ray Photon-Counting Using Silicon Photomultiplier-Based
Scintillation Detectors at High X-ray Tube Currents

Stefan J. van der Sar*", Stefan E. Brunner®, Dennis R. Schaart®*
aDept. of Radiation Science and Technology, Delft University of Technology, Mekelweg 15, 2629
JB, Delft, the Netherlands; ®Broadcom Inc., Wernerwerkstrasse 2, 93049, Regensburg, Bavaria,
Germany; “Holland Proton Therapy Center, Huismansingel 4, 2629 JH, Delft, the Netherlands.

ABSTRACT

We investigate fast scintillation detectors with silicon photomultiplier (SiPM) readout as a potential alternative to direct-
conversion detectors based on CdTe, CdZnTe (CZT), and Si for X-ray photon-counting applications. Scintillation
detectors may circumvent issues related to cost-effective growth of detector-grade material (CdTe, CZT) and detection
efficiency (Si). Here, we experimentally study the count rate performance of two SiPM-based scintillation detectors and
compare with direct-conversion detectors. We also study the energy response of the detectors.

We built 1x1 mm? single-pixel detectors consisting of the fast and commercially available Lu; §Y(2Si0s:Ce (LYSO) and
YAIOs:Ce (YAP) scintillators and ultrafast SiPM prototypes. We irradiated both detectors using an X-ray tube and
measured energy spectra, as well as observed count rates (OCR) as a function of tube current.

The measured spectra showed signs of the typical features of X-ray tube spectra. Using a 30 keV counting threshold, we
measured maximum OCRs of 4.5 Mcps/pixel (LYSO) and 5.5 Mcps/pixel (YAP) for paralyzable-like counting, and
OCRs approaching 10 Mcps/pixel (LYSO) and 12.5 Mcps/pixel (YAP) for nonparalyzable-like counting. These OCRs
may be sufficient for some applications, but CdTe/CZT detectors highly optimized for photon-counting computed
tomography (CT) achieve 10-15 Mcps/pixel (paralyzable-like) or 25-30 Mcps/pixel (nonparalyzable-like). Extrapolating
our results, we estimate that such OCRs come within reach when using the twice as fast, and commercially available,
LaBr3:Ce scintillator.

In conclusion, we demonstrate X-ray photon-counting at count rates of multiple Mcps/pixel using SiPM-based
scintillation detectors. Depending on the application-specific requirements, pixel size miniaturization may be necessary,
for which we discuss two dose-efficient implementations.

Keywords: X-ray photon-counting, scintillator, silicon photomultiplier (SiPM), count rate performance, energy response

1. INTRODUCTION

The development, implementation and evaluation of photon-counting detectors (PCDs) for medical X-ray imaging
systems, in particular for computed tomography (CT), has become a hot topic of research.'> PCDs aim to count each
detector pulse generated by a single X-ray photon and to assign it to one of a few energy bins, such that spectral/multi-
energy X-ray imaging becomes possible. This is a challenging task, however, because the incident X-ray photon fluence
rate can exceed 10® photons/mm?/s,? such that pulse pile-up is likely to affect the measurement of counts and energies. In
addition, an efficient X-ray absorber is needed as the maximum photon energy can be as high as 150 keV.

PCDs currently under consideration are based on the principle of direct conversion, i.e., each X-ray photon absorbed in a
semiconductor, such as CdTe,* CdZnTe (CZT)’ or Si, is directly converted into a number of electron-hole (e-h) pairs.
This number is proportional to the energy deposited by the X-ray photon. Under the influence of an electric field, the
charge carriers travel to (pixelated) electrodes on which they induce a current pulse. The front-end electronics outputs a
(semi-)Gaussian shaped pulse, the height of which is a measure of the energy of the detected X-ray photon. This detector
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concept provides pulse durations in the order of tens of nanoseconds and facilitates pixel size miniaturization, both of
which help to reduce pulse pile-up. However, the cost-effective growth of CdTe and CZT with a sufficiently low density
of charge trapping centers (necessary to guarantee stable and reliable detector performance over time) remains an
issue,>” despite considerable progress over the past decades. Si detectors, on the other hand, face challenges related to
the low mass density (p=2.3 g cm™) and atomic number (Z=14) of silicon. It is therefore not clear yet what the best
choice of detector is, leaving room for the development of other detector concepts.

We are investigating such an alternative concept, namely very fast scintillation detectors with silicon photomultiplier
(SiPM) readout. This type of detector relies on the principle of indirect conversion, i.e., a scintillator converts an
absorbed X-ray photon into a pulse of optical scintillation photons, which is in turn converted into a current pulse by an
SiPM (see figure 1a). The scintillation light pulse incident on the SiPM may be described as 4:exp(-t1/z4), with amplitude
A\ depending on the energy deposited by the X-ray photon, # the time since the interaction of the X-ray photon, and zq
the scintillation decay time constant. Much shorter 74 than those of CsI (1 ps) and GOS (2.5 ps), which are used in
energy-integrating X-ray detectors, are needed to minimize pile-up.®

Each scintillator pixel must be coupled to its own SiPM, which consists of a two-dimensional array of single-photon
avalanche diodes (SPADs, see figure 1b). The absorption of a single optical photon from the scintillation pulse in a
SPAD yields an e-h pair that can trigger a self-quenched avalanche multiplication process, yielding a gain in the order of
10°. The current pulse from the SPAD may be described as Arexp(-t2/z;), with A, the amplitude, 7, the time since the
detection of the optical photon and z; the recharge time constant. Since all SPADs on a single SiPM are connected in
parallel, a detector output pulse may be described as a convolution of 4iexp(-t1/7q) and Arexp(-t2/t;) (see figure 2a), the
height of which is a measure of the energy of the detected X-ray photon. The internal gain of the SiPM ensures that the
signal from a single X-ray photon exceeds the noise level of the read-out electronics by a large factor (which is hard to
achieve using conventional photodiodes) and allows for a simple pulse processing chain consisting only of current-to-
voltage conversion and pulse height discrimination. Since the detector is based on transport of light rather than electric
charge and scintillators with high p and Z exist, it may provide a solution for the aforementioned issues encountered with
semiconductor detectors.

In this contribution, we experimentally investigate the count rate performance of two fast SiPM-based scintillation
detectors irradiated by 120 kVp X-ray beams. We compare the outcomes with data from CdTe- and CZT-based PCDs
and extrapolate the results to indicate what could be achieved with even faster scintillation detectors. We also study the
energy response of the detectors.
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Figure 1. a) Schematic side view of a scintillation detector. Each pixel consists of a scintillation crystal, in which an
absorbed X-ray photon is converted into a pulse of optical scintillation photons that typically contains tens of photons per
keV of deposited energy. The crystal is one-to-one coupled to a light sensor, which converts the scintillation light pulse into
a current pulse (7). The isotropically emitted scintillation photons are guided towards the light sensor by a reflective optical
isolation around the pixel, which also prevents light sharing among multiple pixels (cf. charge sharing in semiconductor
detectors). b) Schematic top view of a silicon photomultiplier (SiPM), the light sensor we use in this work. An SiPM is a
two-dimensional array of single photon avalanche diodes (SPADs) connected in parallel. Here, only a 4x4 array is shown,
but SiPMs have 10>-10* SPADs per mm? in practice. When a SPAD detects an optical photon, an avalanche multiplication
starts, which is quenched by the resistor R.®
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2. MATERIALS AND METHODS

We selected two scintillators for this study: Lu;sY2Si0s:Ce (LYSO, p=7.1 g em™, Z1,=71, Shanghai Project Crystal)
and YAIOs:Ce (YAP, p=5.4 g cm?, Zy=39, Crytur). The former is widely employed in clinical positron emission
tomography (PET) detectors, but the latter is a little faster, i.e., z¢=33 ns versus 74=29 ns, as measured by us using the set-
up described by Ter Weele et al.” We covered a 0.9x0.9 mm? pixel of both materials in reflective polytetrafluoroethylene
(PTFE, Teflon) powder after having coupled the crystals to 1.0x1.0 mm? prototype SiPMs (Broadcom Inc) that have a
value of 7. between 7 ns and 10 ns. The thickness of the LY SO pixel was 1.5 mm (equivalent to 3.0 mm CdTe in terms of
X-ray detection efficiency in the diagnostic energy range), whereas the YAP pixel had a thickness of 4.5 mm (equivalent
to 1.5 mm CdTe). The current pulses from the detector were converted into voltage pulses without affecting the pulse
shape by a trans-impedance amplifier (gain=10) before being digitized by a TeledyneLeCroy HDO9404 oscilloscope
(sampling rate=1 GS/s, bandwidth=200 MHz), such that further pulse processing could be done offline.

We calibrated (mean) pulse height as a function of energy for both detectors using five photon emissions (from three
radioactive sources): 14 keV (Co-57), 32 keV (Ba-133), 60 keV (Am-241), 81 keV (Ba-133) and 122 keV (Co-57).

X-ray tube experiments were done using an Yxlon Y.TU 320-DO03 tube having a tungsten target and an anode angle of
20°. We set the tube voltage to 120 kVp and used a total filtration of 3.0 mm Be and 7.5 mm Al. This yields an incident
spectrum ranging from 20 keV to 120 keV. We performed a tube current sweep starting at 0.5 mA and ending at 20 mA,
while the detector was at a fixed source-detector distance, and recorded ten pulse trains of 100 ms for each value of the
tube current. Figure 2b shows an example of a small part of such a pulse train.

We determined the number of counts in each measurement for two different low-energy counting thresholds, i.e., a 15
keV and a 30 keV threshold, because these usually limit the count rate performance of PCDs. We also determined the
number of counts for two different counting algorithms. The first one is paralyzable-like (p-like) counting, i.e., every
positive threshold crossing is registered as a count and the maximum voltage before the next negative threshold crossing
is a measure of the energy. The second one is nonparalyzable-like (np-like) counting. Here, we evaluate at a fixed time
Tp after a count has been registered if the pulse train is still above threshold or not. If yes, then a second count is
registered and so on. If not, the next count is registered when the next positive threshold crossing occurs. The maximum
signal within the time window ,,, is a measure of the energy. To prevent double counting of pulses, 7., should exceed the
time-over-threshold of the highest-energy pulses. We therefore used the pulses generated by the full absorption of 122
keV photons from Co-57 to determine the appropriate values of z,, for both detectors and both thresholds (see figure 2c).
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Figure 2. a) Two examples of raw pulses from the LYSO detector in response to a 60 keV photon being fully absorbed in the
scintillator and their second order low-pass filtered counterparts. b) An example of a raw and a filtered pulse train from the
YAP detector. The 15 keV and 30 keV thresholds are also shown. ¢) The mean shape of the filtered pulses from the LYSO
detector in response to the full absorption of 122 keV photons. Start (green) and end (red) points of the time-over-threshold
at 15 keV and 30 keV used to determine the appropriate values of zp are also visualized.
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However, only a few optical photons are detected per keV of deposited energy, so the raw voltage pulses are not perfect
convolutions of Aiexp(-ti/zq) and Arexp(-t2/7;), but rather show random fluctuations. In order to prevent double counting
of single pulses and a degradation of the energy measurement accuracy due to these fluctuations when applying above-
mentioned counting algorithms, all recorded signals were smoothened by a second order low-pass filter with a cut-off
frequency of 25 MHz before being analyzed. Examples of raw and filtered signals are shown in figure 2a and figure 2b.

3. RESULTS AND DISCUSSION

We derived pulse height spectra from the measurement data obtained by exposing the detectors to the three radioactive
sources. An example of such a pulse height spectrum, in this case of Am-241 measured using the YAP detector, is shown
in figure 3a. The peak around 2-3 mV originates from SiPM dark counts, which are caused by thermally created e-h pairs
that triggered an avalanche multiplication process. The peak next to it is due to characteristic X-rays from the source
with energies ranging from 11 keV till 22 keV. Hence, it is possible to distinguish between noise and approximately 10
keV X-ray photons with this type of detector. The third peak in the spectrum corresponds to the 60 keV gamma line of
Am-241. It is somewhat asymmetric due to the overlapping K-escape peak at 45 keV.

Figure 3b and figure 3¢ show the (mean) pulse heights, as determined from Gaussian fits to the pulse height spectra of
the Am-241, Ba-133 and Co-57 sources, as a function of energy for both detectors, as well as the non-proportionality
relative to 122 keV, i.e., (VxE122) / (Vi22Ex), with V' the measured pulse height, £ the photon energy, and the subscripts
indicating the energy-of-interest in keV. The YAP detector has a more proportional response than the LYSO detector.
This is an intrinsic property of the scintillator and helps to achieve good energy resolution. Indeed, despite a stronger
signal (see figure 3b and figure 3c), i.e., more optical scintillation photons detected, the LYSO detector has a FWHM
pulse height resolution of 34% at 60 keV, while the YAP detector achieves 33%, based on a double Gaussian fit that
takes into account the K-escape peak at 45 keV (see figure 3a). The distance between the means of the two Gaussians
was forced to be equivalent to the 15 keV energy difference between the K-escape peak and the photopeak.

Linear interpolation of the data in figure 3b and figure 3¢ implies that the 15 keV and 30 keV thresholds of the LYSO
detector are at 8.7 mV and 18.9 mV, respectively. For the YAP detector, these thresholds are at 7.9 mV and 14.3 mV.

Based on the mean shape of the pulses due to the full absorption of photons with an energy of 122 keV from the Co-57
source (see figure 2c¢), the time-over-the x keV threshold (7oT) was found to have the following values: ToT'51yso=128
ns, ToTsoLyso = 97 ns, ToTi5yap=99 ns, and ToT3oyap=77 ns. Therefore, we used the following values of znp:
‘L'np,15,Lyso:130 NS, Tnp,30,LYSO = 100 ns, Tnp,ls,YApzloo ns, and ‘L'np,3(),YAp:80 ns.

The observed count rate (OCR) as a function of tube current Ju. is shown in figure 4. We estimated an incident count
rate (ICR) for each value of /e based on the fact that ICR is proportional to /wpe and by assuming that ICR for /u,e=0.5
mA is equal to OCR as determined by nonparalyzable-like counting with a 15 keV threshold for /p.=0.5 mA. We made
sure the pile-up level for Zune=0.5 mA was very low, such that this assumption is reasonable. The top horizontal axes in
figure 4 display these estimates. They show that we characterized our detectors up to ICRs of 27-30 Mcps/pixel.
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Figure 3. a) A pulse height spectrum of Am-241 measured using the YAP detector, including the double Gaussian fit that
takes into account the K-escape peak at 45 keV. We used this fit to determine the mean pulse height and the FWHM pulse
height resolution at 60 keV. b) Overview of the (mean) pulse height calibration and the non-proportionality for the LYSO
detector. ¢) The same overview for the YAP detector.
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Figure 4. Observed count rate as a function of tube current, counting algorithm, and low-energy threshold for a) the LYSO
detector, and b) the YAP detector. The top horizontal axes display our estimates of the incident count rate corresponding to
each value of the tube current. The dashed lines represent ideal counting behavior, i.e., observed rate equal to incident rate.

As expected, the curves for p-like counting feature a maximum OCR, which lies between 3.5 Mcps/pixel and 4.5
Mcps/pixel for the LYSO detector, and between 4.5 and 5.5 Mcps/pixel for the YAP detector, depending on the value of
the low-energy threshold. The difference between the detectors may not only be explained by a different value of z4, but
also by the more non-proportional response of LYSO (see figure 3b and figure 3c), such that a pulse generated by a

14

16

18

20

photon of a given energy is longer above a certain threshold in the LYSO detector than in the YAP detector.

Also in accordance with expectations, the curves for np-like counting approach the asymptotes defined by OCR=1/z,, for
high values of Iwpe, i.e., they approach OCRs of 8-10 Mcps/pixel for the LYSO detector and OCRs of 10-12.5

Mcps/pixel for the YAP detector, again depending on the value of the low-energy threshold.
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Although these rate capabilities, combined - if needed - with a reduction of the pixel size to increase the count rate
capability per mm?, may be sufficient for some X-ray imaging applications, CdTe and CZT detectors highly optimized
for photon-counting CT aim for a maximum OCR of 10-15 Mcps/pixel in case of p-like counting (e.g., the CZT detector
in the prototype scanner of Philips®) or an OCR approaching 25-30 Mcps/pixel in case of np-like counting (e.g., the
CdTe detector in the prototype scanner of Siemens*). The factor limiting the count rate capability of the SiPM-based
scintillation detectors investigated here is 7q. Scintillators with shorter 74 often have low light yield (the number of
scintillation photons generated per keV of deposited X-ray energy), which deteriorates their energy-resolving power. A
notable exception is the commercially available scintillator LaBrs:Ce (p=5.1 g cm™, Z1,=57, Zg=35), which combines
excellent light yield and energy resolution with a value of 74 of only 16 ns. Since the higher light yield of LaBr; can
reduce the fluctuations on the pulses that can be seen in figure 2a, such that a filter with a higher cut-off frequency may
be used, and the decay time constant of LaBr;3 is about two times smaller than that of LYSO and YAP, we expect twice
as fast pulses from an LaBr; detector. We therefore predict a maximum OCR of 9-11 Mcps/pixel for a p-like LaBr3
detector and an OCR approaching 20-25 Mcps/pixel for an np-like one, in case the lowest-energy threshold is set to 30
keV. Such OCRs are close to those of the above-mentioned CdTe- and CZT-based photon-counting CT detectors.

If the pixel size of a scintillation detector is reduced to 0.5%0.5 mm? or smaller to achieve higher rate capability per mm?,
the reflective isolation between pixels (see figure 1a) may start to form a relatively large dead area, which limits the
achievable OCR and dose efficiency. Space-efficient means of optical isolation are thus required. This has been achieved
in the energy-integrating detector of Canon’s Aquilion Precision CT scanner. Compared to the company’s standard CT
detector, the pixel dimensions have been reduced by a factor two, so the number of pixels per mm? has been increased by
a factor four. The thickness of the reflective septa has been reduced accordingly, such that the dose efficiency of this
detector (with 0.25x0.25 mm? pixels at the isocenter) is hardly affected. Even dead area-free options exist, such as a
columnar microstructure of the scintillator'® (cf. the Csl scintillator in flat panel detectors), which may be applied to
further reduce the pixel size, although at the cost of some light sharing among multiple pixels.

Lastly, figure 5 shows examples of spectra measured using the LYSO and Y AP detectors, for /u,=0.5 mA (i.e., for low
incident rates), a 15 keV threshold, and p-like counting. From left to right we observe the typical features of an X-ray
tube spectrum: A rising edge at low energies, although with relatively many counts, which is probably due to K-escape
events, followed by an intense peak caused by the K X-rays of the tungsten target of the X-ray tube, and then a gradually
decreasing spectral intensity towards the maximum energy of 120 keV, with some overflow to higher energies because
of the finite energy resolution of the detectors and perhaps some pulse pile-up.
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Figure 5. X-ray tube spectra (120 kVp, tungsten anode, anode angle of 20°, 3.0 mm Be and 7.5 mm Al filtration) measured
using a) the LYSO and b) the YAP detector, for p-like counting with a 15 keV threshold at a tube current of 0.5 mA, i.e.
under low fluence rate conditions. The energy-axes are based on the calibrations shown in figure 3b and figure 3c.
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4. CONCLUSIONS

We introduced fast SiPM-based scintillation detectors as potential alternatives to direct-conversion detectors for
(medical) X-ray photon-counting applications. Using an X-ray tube operating at 120 kVp, we experimentally studied the
energy response and the count rate capability of two 1x1 mm? single-pixel detectors based on the fast and commercially
available scintillators LYSO and YAP and an ultrafast SiPM prototype. The measured spectra at low fluence rate showed
signs of the typical features of an X-ray tube spectrum. For paralyzable-like counting and a 30 keV threshold, we found
maximum observed count rates (OCRs) of 4.5 Mcps/pixel (LYSO) and 5.5 Mcps/pixel (YAP), whereas the OCRs
approached 10 Mcps/pixel (LYSO) and 12.5 Mcps/pixel (YAP) for nonparalyzable-like counting and a 30 keV
threshold. Although this performance may be sufficient for some X-ray photon-counting applications, CdTe- and CZT-
based direct-conversion detectors highly optimized for photon-counting CT achieve at least twice as high OCRs.
However, extrapolating the present results, we expect that the performance of a detector based on the twice as fast and
commercially available LaBr; scintillator and the same ultrafast SiPM prototype can come close to that of the
aforementioned CdTe and CZT detectors. We furthermore pointed towards two possible solutions for dose-efficient pixel
size miniaturization, namely very thin reflectors and scintillators grown with a columnar microstructure, which allow to
further increase the count rate capability per mm? if required so by the application.
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