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The demand for detectors with a time resolution below 100 ps is at the center of

research in different fields, from high energy physics to medical imaging. In

recent years, interest has grown in nanomaterials that, benefiting fromquantum

confinement effects, can feature ultra-fast scintillation kinetics and tunable

emission. However, standard characterization methods for scintillation

properties–relying on radiation sources with an energy range of several

hundreds of keV–are not suitable for these materials due to their low

stopping power, leading to a slowdown of this R&D line. We present a new

method to characterize the time resolution and light output of scintillating

materials, using a soft (0–40 keV energy) pulsed X-ray source and optimized

high-frequency readout electronics. First, we validated the proposed method

using standard scintillators. Then, we also demonstrated the feasibility to

measure the time resolution and get an insight into the light output of

nanomaterials (InGaN/GaN multi-quantum well and CsPbBr3 perovskite).

This technique is, therefore, proposed as a fundamental tool for

characterization of nanomaterials and, more in general, of materials with low

stopping power to better guide their development. Moreover, it opens the way

to new applications where fast X-ray detectors are requested, such as time-of-

flight X-ray imaging.
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1 Introduction

In different fields of physics—from high energy physics (HEP) to medical

physics—there is a growing and insistent demand for fast detectors, with a time

resolution below 100 ps. Several medical applications can benefit from this time

resolution. First, time-of-flight positron emission tomography (TOF-PET), whose

advantages, compared to those of standard PET, have been exhaustively discussed in
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the past [1,2]. Moreover, PET has been recently employed not

only as a diagnostic examination but also for online monitoring

of the dose deposition in particle therapy. TOF-PET and, in

general, fast detectors are necessary for this application for

detection of prompt gamma rays [3,4]. Also, in computed

tomography (CT), the TOF technique could be exploited to

discard scattered photons to improve the signal-to-noise

ratio (SNR) of the reconstructed image [5–7]. In HEP

experiments, a time resolution at the level of a few tens of

picoseconds (sigma) allows for better pile-up rejection

in high-rate colliders, for more precise identification of

charged hadrons through TOF, and the search for long-lived

particles [8].

Though a time resolution below 30 ps (sigma) has already

been reached [8–10] in HEP, for medical applications, where the

energy range, and, therefore, the light output is orders of

magnitude smaller, this is more challenging. All the elements

of the detection chain—crystal, photodetector, and readout

electronics—should be simultaneously optimized Gundacker

et al. [11] to achieve a sub-50-ps time resolution. However,

given the recent progress in silicon photomultiplier (SiPM)

technology and readout electronics [12–16], the scintillator

currently represents the main limitation.

In this regard, there is an active line of research studies

focusing on the development of nanocrystals [17–20]. Because

of quantum confinement effects, these materials can show

different physical properties than their bulk counterpart, such

as enhanced light yield and/or ultra-fast decay time (sub-

nanosecond). However, due to their small size, low density,

and consequently low stopping power, they cannot be directly

employed as stand-alone detectors. One option is represented by

heterostructured scintillators, where fast and low stopping power

materials are combined with a heavy material to trigger the

energy sharing mechanism (i.e., energy deposition of the

recoil electron in both materials) and get the best out of both

[21–24].

Another constraint with nanomaterials is their

characterization in terms of time resolution and light yield

with standard techniques which usually use γ-ray radiation.

For measuring the time resolution, a reference detector is

needed, and, with radioactive sources, this is feasible only

with β+ sources, emitting two 511 keV γ-rays in coincidence

following the positron annihilation, hence excluding the

possibility of investigating timing at lower energy. Standard

light yield measurements usually use 137Cs, due to its single

emission at 662 keV. Lower energy radiation sources—more

suitable for the stopping power of most nanomaterials—are

also available, such as 55Fe, with its main emission around

6 keV. However, at this energy range, the background

contribution is more important and complicates the spectrum

interpretation. An effective background rejection can be obtained

by using a coincidence system, but this is not possible with low-

energy radioactive sources.

To overcome these limitations, we propose a new method to

simultaneously measure the detector time resolution (DTR) and

light output of low stopping power materials using soft

(0–40 keV) pulsed X-rays and SiPM as a photodetector.

Samples are measured in coincidence with the trigger of the

laser exciting the X-ray tube itself. First, we focused on the

validation of the newly developed setup and method. To this

end, we measured a set of well-known scintillators: LSO:Ce:0.2%

Ca, LYSO:Ce, BGO, BC422, EJ232, and EJ232Q. The last three are

three different plastic scintillators that, having a low density, come

close to the purpose of the developed experimental setup. The

validation of our approach is based on the confirmation of the

inverse proportionality relationship between the time resolution

and the square root of photon time density, i.e., the ratio between

light output and decay time. Therefore, the scintillation kinetics of

all samples was also measured in time-correlated single-photon

counting (TCSPC) mode, using a previously developed and

validated setup [25]. Finally, as the setup and method were

developed for the characterization of nanomaterials, an

InGaN/GaN multi-quantum well (MQW) and a CsPbBr3
perovskite embedded in polystyrene were measured with the

same procedure as proof of concept.

The article is organized as follows. Section 2.1 summarizes all

the samples used for this study. Section 2.2.1 describes the

already established experimental setup used to measure the

scintillation kinetics (TCSPC bench), while Section 2.2.2

describes the newly developed experimental setup (DTR and

LO bench). Section 2.3 explains the analysis method for each

measurement performed, i.e., scintillation kinetics (with the

TCSPC bench), time resolution, and light output (with the

DTR and LO bench). The results are presented in Section 3.

Since this work aimed to present a new characterization method,

Section 4 includes both a detailed discussion of the approach

used for its validation and an outline of its potential and

applicability. Finally, Section 5 summarizes the main results.

2 Materials and methods

2.1 Samples

To validate the proposed approach, various standard

scintillators were chosen: three inorganic scintillators—LSO:

Ce:0.2%Ca (from Agile), LYSO:Ce (from CPI), and BGO

(from Epic Crystal)—and three plastic scintillators—BC422

(from Saint-Gobain), EJ232, and EJ232Q 0.5% quenched (both

from Eljen Technology). The latter three provided an insight into

the performances of low-density (1.023 g/cm3 [26]; [27])

scintillators with ultra-fast rise- and decay time (≈35 ps rise-

time and effective decay time ≈ 1–2 ns [14]). All the samples were

fully polished with a geometry of 3 × 3 × 3 mm3. A summary of

the scintillators used for the validation of this study is reported in

Table 1.
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Two nanomaterial samples were measured as proof-of-

concept: lead halide perovskite (CsPbBr3) nanocrystal

embedded in polystyrene [28], with a weighted filling factor of

10% and an overall size of 3 × 3 × 0.1 mm3 and multi-quantum

well (MQW) InGaN/GaN [17] grown on a sapphire substrate of

500 μm thickness, with 1 μm thick active layer and cross-section

of 3 × 3 mm2. The former sample was produced at the Czech

Technical University (CTU) in Prague, while the latter was

produced at the Institute of Physics of the Czech Academy of

Science (FZU) in Prague, Czech Republic.

Hereafter, for synthesis, we will refer to LSO:Ce:0.2%Ca,

LYSO:Ce, InGaN/GaN, and CsPbBr3 as LSO, LYSO, InGaN,

and CPB respectively.

2.2 Experimental setup

2.2.1 X-ray time-correlated single-photon
counting bench

The decay time of the aforementioned samples was

measured in time-correlated single-photon counting

(TCSPC) mode [29], following pulsed X-ray excitation. The

experimental setup used for these measurements is schematized

in Figure 1C. It consists of a pulsed diode laser (PDL 800-B from

PicoQuant) with 40-ps pulse width (full width half

maximum–FWHM), which acts as the excitation source of a

tungsten X-ray tube (XRT N5084 from Hamamatsu) operating

at 40 kV. The energy spectrum of the produced X-rays extends

from 0 to 40 keV, with a pronounced peak at around 9–10 keV

due to Tungsten L-characteristic X-ray and mean energy of

about 15 keV. A brass collimator is placed in front of the XRT

window to maximize the irradiation on the samples. The

scintillation light is collected in TCSPC using a hybrid

photomultiplier tube (HPM 100-07 from Becker&Hickl),

whose signal is fed into an amplifier and timing

discriminator (model 9327 from ORTEC). Finally, the

output of the amplifier gives the stop signal to the time-to-

digital converter (xTDC4 from Cronologic), while the start is

provided by the external trigger of the same pulsed laser that

triggers the X-ray production.

The overall impulse response function (IRF) of the system

was obtained as the analytical convolution between the measured

TABLE 1 Overview of the scintillators used in this work, all with size 3 × 3 × 3 mm3.

Sample Producer Density (g/cm3) Emission peak (nm) Light yield (ph/keV)

LSO:Ce:0.2%Ca Agile 7.4 420 39.21

LYSO:Ce CPI 7.1 420 41.11

BGO Epic Crystal 7.1 480 10.71

BC422 Saint-Gobain 1.023 370 10.11

EJ232 Eljen Technology 1.023 370 8.42

EJ232Q 0.5% Eljen Technology 1.023 370 2.92

1Gundacker et al. (2020).
2Eljen Technology datasheet.

FIGURE 1
Schematic drawing of the X-ray detector time resolution and light output bench (A) and of the time-correlated single-photon counting bench
for rise and decay time measurements (C). Picture of the two coexisting setups is also shown (B).
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IRF of the laser together with HPM and the previously studied

IRF of the X-ray tube [30], resulting in around 160 ps FWHM.

2.2.2 X-ray detector time resolution and light
output bench

Part of the newly developed setup is in common with the

previously described one, as it is shown in Figure 1B. The

excitation branch is, indeed, constituted by the PDL 800-B

laser (whose external trigger constitutes the reference of the

coincidence system and gives the start for the timing

measurement) and the X-ray tube. What changes, compared

to the TCSPC bench, is the detection chain, which, in this setup,

is constituted by a SiPM (S13360-3050CS from Hamamatsu,

53 V breakdown voltage, 61 V bias voltage) and an improved

version of the readout electronics described by Cates et al. [12]

and Gundacker et al. [13]. The SiPM signal is split into two to

optimize independently the energy and time information. The

former is processed by an analog amplifier, while the latter is

processed by a custom-made high-frequency amplifier (two

cascade radio frequency BGA616 amplifiers). The outputs of

the amplifier are then digitized at the oscilloscope (Lecroy,

WaveRunner 8104, 20 Gs/s sample rate, 1 GHz bandwidth),

where all information required for the analysis is measured

and extracted directly from the waveforms.

Apart from the lower excitation energy, this setup is,

therefore, very similar to a classical coincidence time

resolution setup (two 511 keV γ-rays detected in coincidence),

having one detector arm replaced with the laser trigger.

This setup allows us to simultaneously measure the light

output and time resolution: by integrating the energy signal, the

collected charge is measured, and the light output is derived (as

already shown by Turtos et al. [25]), while by measuring the time

delay between the trigger of the laser and the timing signal of the

SiPM, the time resolution is obtained as explained in

Section 2.3.2. The time delay was measured via a leading edge

discriminator by placing the threshold of the SiPM signal below

the single SPAD (single-photon avalanche diode) signal

amplitude (≈80 mV at 61 V). The difference between the

crossing of two fixed thresholds of the SiPM time signal was

also measured to correct for time walk effects.

The samples were directly coupled to the SiPM using

Meltmount glue (refractive index n = 1.582, transmission

cutoff at ≈ 300 nm) to maximize the light collection. Due to

the low energy range of X-ray, the probability of absorption from

any material between the X-ray tube and the sample is not

negligible; therefore, we decided not to use any reflective

materials. This inevitably affects the light collection and needs

to be considered in intrinsic light yield (ILY) measurements.

The same measurement was also repeated for the SiPM with

only a thin layer of Meltmount glue on it (a similar quantity to

that used to couple the samples) to confirm that the detected

signal was due to the interaction of the X-ray with the sample and

not with the glue or SiPM.

2.3 Data analysis

2.3.1 Scintillation kinetics
The decay time constants were obtained by the fit of the

scintillation pulse with the convolution between the IRF of the

system and the intrinsic scintillation rate. The latter was modeled

with a sum of bi-exponential functions:

f t( ) � ∑N
i�1

exp −t/τd,i( ) − exp −t/τr,i( )
τd,i − τr,i

· ρi, (1)

where τd,i and τr,i are the decay and rise time constants,

respectively, and ρi are the respective weights (with

constraints ∑N
i�1ρi � 1). Although this model is well-

established for standard and commercial scintillators, it might

not always be optimal for nano-scintillators [31]. A more detailed

discussion of this choice is reported in Section 4.1.

All samples showed at least two decay components, and the

effective decay time (τd,eff), defined as the weighted harmonic

mean of all the components,

τd,eff � ∑N
i�1

ρi
τd,i

⎛⎝ ⎞⎠−1

, (2)

was chosen as a figure of merit for the decay time. It was, indeed,

proven that the effective decay time is more accurate than the

simple weighted mean to analytically describe the behavior of

(coincidence) time resolution as a function of decay time [14].

2.3.2 Detector time resolution
The DTR was evaluated as the FWHM of the time delay

distribution, without performing any energy selection.

As already mentioned, the time delay between the SiPM

signal and the laser trigger was measured using the leading edge

time pick-off method. Because the leading edge method is

intrinsically affected by time-walk effects, a correction based

on the SiPM signal rise-time—as illustrated in [32]—was applied

to correct it.

Following this correction, the time delay distribution was fitted

with the convolution between Gaussian and exponential functions

to take into account the asymmetry of the distribution. The DTR

was then evaluated as the FWHM of the fit function (Figure 2).

2.3.3 Mean collected charge and light output
Since the DTR was evaluated by taking into account all the

events, we chose the mean collected charge (i.e., the mean of the

charge distribution as shown in Figure 3) as a figure of merit for

the light output to correlate it correctly with the time resolution.

3 Results

The IRF of the TCSPC setup Since the IRF of the TCSPC

setup is about 160ps FWHM, for most of the measured samples,
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the rise time resulted as comparable to or below the accuracy of

our system. Only for LSO and LYSO, the fit was performed by

letting free all the parameters, and we measured a sub-30 ps

component for both, plus a slower component of about 300 ps

contributing to the 6% (LSO) and 23% (LYSO). For all the other

standard scintillators, the rise time was fixed during the fit

procedure, according to values obtained in a previous research

work [14] (generally between 0 and 20 ps), to get more stability

on the decay part of the pulse, of greater interest for this study.

Also, the two nano-scintillators showed a non-resolvable rise

time with the IRF of our system, and as it was found not to

improve the quality of the fit, it was fixed to 0 ps.

The decay time components resulting from the bi-

exponential fit of the scintillation time profiles are

summarized in Table 2. In the last column, the effective decay

time for each sample is also reported. It should be noticed that, in

the weighted harmonic mean, more importance is given to the

fastest component instead of the component with the highest

abundance (as opposed to the standard weighted mean). This is

intrinsic to its mathematical definition (Eq. 2), and it explains

why, for instance, looking at BGO, the effective decay time is only

129 ± 10 ns though the main component (contributing to 92%) is

318 ± 22 ns. However, if we look at the single components, the

results of our measurements are in agreement with those present

in the literature [14,33].

In Figure 4, the time delay distributions of all standard

scintillators measured are shown. The DTR values are

summarized in Table 3, together with the effective decay

time and light output. A correlation between DTR and

effective decay time can be observed: generally, the faster the

decay time, the better the time resolution. However, this is not

always the case, as the light output also needs to be taken into

account.

Vinogradov [34] thoroughly discussed how to analytically

model the (coincidence) time resolution, and the proposedmodel

has been experimentally verified by Gundacker et al. [14].

Though several parameters are involved in this model (which

take into account not only the sample but also the photon time

spread in the crystal, the photodetector, and the readout

electronics), the main contribution to time resolution is given

by the photon time density (PTD), defined as the ratio between

light output and effective decay time:

FIGURE 2
Time delay distribution of LSO (A) and InGaN (B) fitted with the convolution between Gaussian and exponential functions to extrapolate the
FWHM.

FIGURE 3
Integrated charge distribution of all the measured standard
scintillators. The red outlined stars (filled with the colors of the
corresponding distribution) represent the mean collected charge.
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DTR∝
����
τd,eff
LO

√
∝

�����
1

PTD

√
. (3)

This relation—already established—was verified in order to

validate the new installed experimental setup and method to

evaluate time resolution and light output upon X-ray excitation

with SiPM. In Figure 5, the measured DTR is represented as a

function of the square root of the measured photon time density.

The data were fitted with the function y �
����������
(A/x)2 + C2

√
, where,

in addition to the proportionality factor A, a constant C was

added in quadrature to also take into account the system

contribution. A more in-depth discussion about the choice of

the fit function and the meaning of C is provided in Section 4.4.

In Figure 6, the correlation between the deposited energy

(i.e., integrated charge) and time resolution is shown for the LSO

TABLE 2 Summary table with decay time components resulting from the bi-exponential fit of scintillation pulses of all measured samples.

Sample τd1
[ns]

ρ1
[%]

τd2
[ns]

ρ2
[%]

τd3
[ns]

ρ3
[%]

τd4
[ns]

ρ4
[%]

χ2 τd,eff
[ns]

BGO 0.8 ± 0.3 0.2 ± 0.1 37 ± 7 7.5 ± 0.4 318 ± 22 92.3 ± 0.4 – – 1.47 129 ± 10

LSO 7.9 ± 0.8 6 ± 1 33 ± 1 94 ± 1 – – – – 1.08 28 ± 1

LYSO 27 ± 8 23 ± 7 44 ± 3 77 ± 6 – – – – 1.02 38 ± 1

EJ232 1.24 ± 0.02 82 ± 1 17 ± 3 18 ± 1 – – – – 1.23 1.48 ± 0.01

EJ232Q 0.08 ± 0.03 10 ± 1 0.82 ± 0.03 72 ± 1 11 ± 1 18 ± 1 – – 2.08 0.46 ± 0.09

BC422 1.20 ± 0.01 81 ± 1 12 ± 1 19 ± 1 – – – – 1.14 1.44 ± 0.01

InGaN 0.007 ± 0.002 8 ± 1 1.9 ± 0.1 41 ± 1 92 ± 37 51 ± 2 – – 1.03 0.08 ± 0.02

CPB 0.010 ± 0.002 9 ± 1 0.83 ± 0.03 20 ± 1 7.7 ± 0.1 56 ± 2 26.7 ± 0.2 15 ± 1 1.09 0.11 ± 0.02

FIGURE 4
Time delay distribution of all the measured standard
scintillator.

TABLE 3 Summary table with effective decay time (τd,eff), time
resolution at FWHM (DTR), and light output (LO), defined as the
mean of the collected charge distribution.

Sample τd,eff [ns] DTR [ps] LO [nWb]

BGO 129 ± 10 3984 ± 148 0.728 ± 0.002

LSO 28 ± 1 527 ± 13 5.33 ± 0.01

LYSO 38 ± 1 714 ± 18 4.84 ± 0.01

EJ232 1.48 ± 0.01 314 ± 5 0.806 ± 0.001

EJ232Q 0.46 ± 0.09 339 ± 6 0.380 ± 0.001

BC422 1.44 ± 0.01 327 ± 5 0.696 ± 0.001

InGaN 0.08 ± 0.02 284 ± 6 0.909 ± 0.004

CPB 0.11 ± 0.02 295 ± 61 0.421 ± 0.001

1Děcká et al. (2022b).

FIGURE 5
For all samples, the measured DTR is shown as a function of
the square root of photon time density, defined as the ratio
between the mean collected charge and the effective decay time.
The data were fitted with the function y �

�����������
(A/x)2 + C2

√
(red

curve) to also take into account the system contribution (C). For all
data, the error is represented for both the x-axis and y-axis, and
when it is not visible, it means it is smaller than the point size.
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sample. From Figures 6B and C, one can observe that the greater the

deposited energy, the narrower the time delay distribution.

Specifically, the DTR and the square root of deposited energy are

expected to be inversely proportional. To verify this relation, the

charge distribution of LSOwas divided into five intervals containing

approximately the same amount of events (Figure 6B); for each of

these intervals, the mean charge was evaluated, and the time delay

distribution of the corresponding events was considered (Figure 6C).

The DTR was evaluated as described in Section 2.3 for each

distribution and studied as a function of the mean charge

(Figure 6D). Finally, the data were fitted with the same function

as before—y �
����������
(A/x)2 + C2

√
—which accurately describes the

trend, confirming our expectation.

In Figure 7, the charge distribution of low stopping power

samples (the two nanomaterials and EJ232 plastic scintillator) is

compared to that of only SiPM + Meltmount. We can observe

that even in the case of direct interaction of X-rays with

Meltmount or SiPM, the resulting light output is negligible.

Therefore, based on the previous discussion on the correlation

between timing and collected charge, we can conclude that the

contribution of SiPM and coupling medium to the measured

DTR of our samples is negligible, ultimately confirming the

effectiveness of this method with low stopping power samples.

4 Discussion

4.1 Scintillation kinetics

Some of the measured samples showed ultra-fast decay

kinetics. The exponential model used to fit the time profile gave

a decay component in the order of 10 ps both for InGaN and CPB

samples. Moreover, to properly fit the decay pulse of CPB, four

decay components were needed. We are aware that these ultra-fast

FIGURE 6
Correlation between time resolution (DTR) and deposited energy (mean integrated charge) for LSO. 2D histogram of time delay versus
integrated charge (A). The charge distribution of LSO has been divided into five intervals containing about the same number of events (B); for each
interval, themean charge was evaluated, and the time delay distribution was considered (C). The DTRwas evaluated as the FWHM of the distribution.
Finally the DTR was plotted as function of the square root of the mean charge and fitted with y �

�����������
(A/x)2 + C2

√
(D).
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components, together with the need for many decay components,

suggest that the exponential model might not be the best one to

describe the physical processes generating the scintillation of these

materials. A different model to better describe the decay profile of

this kind of sample was recently proposed by Děcká et al. [28] on

the trail of the one used by Gundacker et al. [30] to fit Cherenkov

emission on top of scintillation. It consists in adding a Dirac-delta

contribution to the exponential part to properly account for the

(semi-)prompt emission. As already mentioned, Wang et al. [31]

included a more detailed physical explanation of the non-

exponential contribution in their model.

However, this study does not aim to give a physical

interpretation of the single components but to find an adequate

figure of merit to describe the impact of the decay kinetics on time

resolution. Once the pulse is properly described by a sum of

exponentials, the effective decay time offers that figure of merit. To

ensure we are using the correct number of exponential

components to model the scintillation time profile of nano-

scintillators, we performed the fit with a number of decay

components ranging between 2 and 5, and for each fit, we

evaluated the reduced chi-squared (~χ2) and the standard error

of estimate (SEOE). We finally opted for the model with the

smallest number of exponential decay components, allowing us to

obtain stable ~χ2, SEOE, and effective decay time.

Furthermore, themulti-exponentialfit of both InGaNMQWand

CsPbBr3 nanocrystals has been reported in the literature [17,19].

4.2 Collected charge and light yield

We used the mean collected charge as the figure of merit for

the light output. It is worth mentioning that other figures of merit

can be equally valid, such as the peak at 9–10 keV if well-

identifiable, or the end-point of the distribution, which, for

standard scintillators, corresponds to the maximum energy of

X-rays, i.e., 40 keV. However, these are not as versatile as the mean

collected charge because the 9–10 keV peak cannot be identified

for all samples (due to low stopping power for nanomaterials or

too low photon time density AS for BGO–Figures 7 and 3,

respectively) and because, for nanomaterials, it is not trivial to

determine the maximum energy deposited and then convert in

scintillating photons. Therefore, we chose the figure ofmerit which

could better fit all the different samples object of this study.

So far, we stated light output as themean collected chargewithout

applying any correction factor (e.g., calibration for single

photoelectron pulse (SPe), photodetection efficiency (PDE), light

transfer efficiency (LTE), excess charge factor (ECF) coming from

SiPM crosstalk, and non-proportionality (NP)) which would allow

extrapolating the intrinsic light yield (number of emitted photons per

keV). We did so because this method is more widely applicable, also

without optimized readout electronics, allowing for relative light yield

measurements with respect to a known crystal (e.g., L(Y)SO).

However, the high gain of the amplifier and the high PDE of the

used SiPMallow, in principle, for absolutemeasurements. To calibrate

the SiPM, a dark count measurement—with the SiPM bias voltage

equal to the one used for all othermeasurements—was performed. By

integrating the energy signal, a finger plot was obtained (Figure 8),

which allowed distinguishing pulses generated by one, two, three, etc.,

triggered SPADs. The distance between two adjacent peaks gives the

charge corresponding to one triggered SPAD and, hence, the charge

corresponding to single-photoelectron signals (SPe). To reduce the

systematic error, we evaluated the distances between the first four

adjacent fingers, and we used the arithmetic mean as the calibration

factor, obtaining 0.05 ± 0.01 nWb.

FIGURE 7
Comparison between the integrated charge of low stopping
power samples (EJ232, InGaN, and CPB) and only SiPM.

FIGURE 8
Finger plot of the energy (EN) channel obtained from a dark
count measurement of S13360-3050CS Hamamatsu SiPM at 61 V
bias voltage (53 V breakdown voltage).
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Since, for LSO, both the deposited energy and all corrective

factors are sufficiently well-known, we estimated its ILY starting

from our light output measurements. The weighted PDE of a

Hamamatsu S13360 SiPM for co-doped LSO emission is reported

to be 0.59 ± 0.03 [14]. The light yield non-proportionality with the

deposited energy depends on the exact doping of the crystal, and

different values were found in the literature, ranging from 0.55 to

0.7 at 15 keV [35,36]: we opted for NP = 0.65 ± 0.1, and its high

relative error was the main contribution to the final error.

Following the method explained by Vinogradov [37] and

Kratochwil et al. [38], the ECF at the operational bias voltage

was measured to be 1.33 ± 0.07. Finally, by considering the LTE

value of 0.66 reported by Gundacker et al. [14] for identical crystals

(same size, doping, surface state, and producer) wrapped in Teflon,

we performed relative light output measurements with and

without Teflon wrapping, finding an LTE of 0.35 ± 0.02 for

unwrapped co-doped LSO crystal. By taking into account all

these corrective factors, we obtain

ILY� 1
PDE ·NP ·LTE ·

1
<En> keV[ ] ·

LO nWb[ ]
SPe nWb[ ] ·

1
CT

� 39.8 ± 7.0ph/keV,
(4)

which is in good agreement with the value obtained by

Gundacker et al. [14] of 39.2 ± 3.9 ph/keV, confirming the

validity of the chosen figure of merit for the light output and

of the calibration procedure.

With the same procedure, the intrinsic light yield of any

samples measured with the described method can be obtained.

However, a good knowledge of the corrective factors is needed

and, in particular for nanomaterials, this may require

complementary measurements.

4.3 Detector time resolution

This experimental setup allows measuring the time

resolution upon pulsed X-ray irradiation. The importance

of these measurements can be understood from Figure 5,

where the relation between time resolution and photon

time density is shown. Indeed, although fast scintillation

kinetics is essential to have sub-100 ps time resolution, it is

not the only requirement, and the other main parameter to

consider is light output. Looking at Table 3, one can notice

that although EJ232Q shows a sub-nanosecond effective decay

time, approximately three times faster than that of EJ232 and

BC422, it does not perform better than these two in terms of

time resolution. This is explained by the—expected—lower

light output of EJ232Q than that of the other two plastics.

Being able to measure time resolution at low energy, one

inherently obtains information on light output, and simply by

considering the relation between time resolution and deposited

energy, one can estimate the time performance at higher energies.

For instance, for LSO, aDTR of 527 ± 13ps wasmeasured at 15 keV

mean deposited energy, and at 511 keV, we can expect a CTR of

CTR@22Na �
�
2

√ ·DTR@Xray

��������������
Energy@Xray ·NP

Energy@22Na

√
� 103 ± 3 ps.

(5)
Taking into account also the different LTE for 3 × 3 ×

3 mm3 LSO crystal wrapped in Teflon and

unwrapped—0.66 and 0.35, see Section 4.2—we obtain a

correction factor of
��������
0.66/0.35

√ � 1.37 and a CTR of 75 ±

6 ps, which is, again, in good agreement with the value

measured by Gundacker et al. [14]—75 ± 3 ps.

4.4 System contribution

It should be pointed out that when stating DTR values as

FWHM of the time delay peak, we are assuming zero

contribution from the system, which, of course, is not the

case. Looking at Figure 5, to properly model the relation

between DTR and photon time density, a constant term (the

parameter C) was added in quadrature to the photon time

density. From the analytical model [37], a perfect, ideal detector

with infinite PTD should feature 0 ps DTR. It is, therefore,

reasonable to assume that the parameter C—which from the fit

resulted to be 247 ± 10 ps—is related to the system IRF. A rough

estimation of the system contribution can be made from that of

the TCSPC setup—160 ps (Section 2.2.1). The main difference

in the detection chain of the two setups is the photodetector: in

the TCSPC bench, the HPM has an IRF below 20 ps [39], while

in the DTR and LO bench, the SPTR of Hamamatsu

S13360 SiPM was measured to be 144 ps [14]. By

approximating all the contributions to be Gaussian, the

system IRF of the X-ray DTR setup result to be around

215 ps, compatible with the fit result within three sigma

values. However, also in the choice of the fit function, all

contributions were considered to be Gaussian, but this being

a strong approximation, we decided not to correct the measured

DTR values for system IRF. It is worth emphasizing that proper

modeling of the system’s IRF contribution and its

subtraction—or a better IRF—would allow for achieving

even better intrinsic DTR values.

4.5 Application

The possibility to measure time resolution at 10–15 keV and

scale it to higher energy is of fundamental importance for those

materials which cannot be directly characterized at the desired

energy. Gundacker et al. [14] stated a CTR of 35 ± 2 ps (25 ± 1 ps

DTR) at 340 keV for the BC422 plastic scintillator. Under X-ray

irradiation, this scintillator showed a DTR of 327 ± 5 ps, while the
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two nanomaterials measured—InGaN and CPB—284 ± 6ps and

295 ± 6ps, respectively. Taking into account that the mean

deposited energy in the two nanomaterials is most likely lower

than in plastic, this suggests that if the stopping power could be

increased, these materials would feature even better time

resolution, which is explained by their higher photon time

density (Figure 5).

Therefore, the presented experimental setup can play a key

role in the characterization of these materials and guide their

development as radiation detectors for fast timing applications,

such as TOF-PET and in HEP [1,2,40].

Moreover, the direct applicability of this setup can be TOF

X-ray imaging: the possibility to exploit TOF information to

reduce the contribution from scattered photons was already

presented by Pichette et al. [5] and Bérubé-Lauzière et al. [6]

and first proof of concept of TOF CT by Rossignol et al. [7].

Further studies based on GATE simulations by Rossignol et al.

[41] showed that already 200 ps time resolution can remove half

of the scattered photons, significantly improving the image

quality compared to non-TOF CT. Considering that an X-ray

tube emitting photons with energy up to 40 keV andmean energy

of about 15 keV were used in this study, at the typical energies of

CT (20–150 keV), all the tested plastic scintillators would already

exhibit better than 200 ps time resolution—at least in laboratory

condition—and compatibly with the system IRF.

5 Conclusion

In this contribution, we present a new method to

simultaneously measure the time resolution and light output of

scintillators using pulsed X-ray irradiation and SiPM

photodetectors. Because of the low irradiation energy (0–40 keV

continuous spectrum, with mode energy 10 keV and mean energy

15 keV), the high photodetection efficiency (PDE) of SiPM, and the

optimized electronics, this method is particularly suited for the

characterization of materials with low stopping power (due to low

density or microscopic size; InGaN/GaN MQW and CsPbBr3).

We based the validation of this method on the relation between

time resolution and photon time density. First, we focused on

standard scintillators (LSO:Ce:0.2%Ca, LYSO:Ce, BGO, BC422,

EJ232, and EJ232Q), and then we tested two nanomaterial

samples as a first proof-of-concept, finding the expected trend.

The strength of X-ray DTR measurements is to provide a better

understanding of the potential of certain materials for fast timing

applications at higher energy (e.g., TOF-PET and in HEP) compared

to the standard rise and decay time measurement. The latter indeed

takes into account only the scintillation kinetics of the sample, while

time resolution measurements, being affected by the number of

detected photons, intrinsically bring information also about its light

output. Therefore, simply by scaling for the energy and applying

proper corrections, the timing performances at higher energy than

measurement conditions can be predicted.

Another positive implication of this setup is the

possibility to characterize materials for fast X-ray detectors

to be used for TOF CT or, more in general, TOF X-ray

imaging.
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