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Abstract 15 

7Li enriched Cs2LiYCl6:Ce3+ (CLYC) is a promising inorganic scintillator for real-time γ-ray and fast 16 

neutron spectrometry. The neutron/γ-ray discrimination is usually accomplished exploiting the 17 

different quenching effects of high Linear Energy Transfer (LET) particles on different scintillation 18 

mechanisms, usually by means of the time analysis of the pulse shape. In principle, the emission 19 

wavelength information could be used to address the same task. However, a systematic study of the 20 

correlations between the CLYC decay time, its radio-luminescence spectrum and the LET of the 21 

impinging particle has not yet been performed. We therefore investigated the CLYC scintillation 22 

process under neutron and γ-ray irradiation, correlating the time response to the scintillation 23 

wavelength spectrum using a 1–inch right cylinder > 99% 7Li enriched CLYC. We found that the 24 

relative intensity of the Core to Valence Luminescence (CVL) is almost constant with photons in the 25 

energy range 20–660 keV, i.e. 0.5–5 keV/μm LET, and is only partially quenched by neutrons. 26 

Instead, the direct electron-hole capture scintillation mechanism is completely cut under neutron 27 

irradiation. The luminescence in between the deep-Ultraviolet and the Near Ultraviolet region (250-28 

350 nm) might be attributed to both the CVL and the host luminescence, also in thick highly Ce3+-29 

doped crystals. 30 

Keywords – CLYC, Core to Valence Luminescence, wavelength-based discrimination, pulse shape 31 

analysis, radioluminescence, Time Correlated Single Photo Counting 32 

1. Introduction 33 

The Cs2LiYCl6:Ce3+ (CLYC) is a promising inorganic scintillator for γ-ray spectrometry and neutron 34 

detection, with good neutron/γ-ray (n/γ) discrimination capability. CLYC rather good γ-ray 35 

spectrometry capabilities are due to its density (3.3 g/cm3), Zeff (54) and energy resolution, about 5% 36 

at 662 keV [1,2]. Its fast neutron spectrometry properties were recently demonstrated for 7Li 37 

enriched crystals [3,4]. The reactions involved are 35Cl(n,p)35S and 35Cl(n,α)32P below 15 MeV. The n/γ 38 
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discrimination can be performed through Pulse Shape Discrimination (PSD) by exploiting the 39 

different decay times of the scintillator when irradiated with neutrons and photons.  40 

The good PSD capability of CLYC is mainly ascribed to the presence of the Core-To-Valence 41 

Luminescence (CVL) [5], a scintillation mechanism that, according to the literature, is selectively 42 

quenched by high Linear Energy Transfer (LET) particles, such as the reaction products emitted after 43 

neutron capture on 35Cl [4,6]. These reaction products completely quench the CVL mechanism, 44 

causing a different time profile of the de-excitation process (and consequently of the detected 45 

signal) when the crystal is excited by neutrons rather than by γ-rays.  46 

The CVL (also called cross-luminescence or Auger free luminescence) is an ultra-fast mechanism 47 

where an electron from the core band is excited into the conduction band. The consequent hole 48 

produced in the core band recombines with an electron of the valence band. Since the valence band 49 

is filled with electrons, the recombination probability is large resulting in a fast process [7]. The CVL 50 

is a competitive radiative de-excitation process with a decay time faster than that of the other three 51 

scintillation mechanisms present in CLYC, described below [8,9]. In CLYC, the CVL has a decay time of 52 

the order of 1-5 ns and is characterized by the emission of photons in between the deep-Ultraviolet 53 

(UV) and Near Ultraviolet (NUV) region (225-330 nm) [10,11]. The fast (direct electron-hole capture) 54 

and intermediate (binary electron-hole recombination mediated by the formation of a trapped hole 55 

centre, usually called Vk complex [12]) mechanisms are related to the Ce3+ de-excitation, and are 56 

characterized by a decay time of the order of 50 ns and 500 ns respectively. Both the fast and 57 

intermediate mechanism emit in the Ce3+-related spectral range, i.e. between 350 nm and 450 nm 58 

[9]. The slowest mechanism is related to the host luminescence, with the formation of the so called 59 

self trapped excitons (STEs), and is characterized by a decay time of several µs [11,12]. In doped 60 

thick crystals, the STEs preferentially de-excite on Ce3+, hence in the range 350-450 nm, but the 61 

decay constant is still governed by the STE migration dynamics, with a half life of a few microseconds 62 

[12]. Figure 1 shows a schematic of the energy levels of each scintillation mechanism (plots (c), (d) 63 

and (e) were taken from [12]). Plot (a) shows the CVL, plot (b) the fast Ce3+ emission, usually ascribed 64 

to γ-ray irradiation only. Plot (c) shows the intermediate mechanism, i.e. the Vk centre transferring 65 

its energy to the Ce3+. The STE is represented both as a luminescence centre itself (plot (d)) and 66 

when it transfers its energy to the Ce3+ (plot (e)).  67 

Since the CVL emission occurs in a different spectral region than the Ce3+ de-excitation, in principle 68 

the spectral information can be used to perform particle discrimination [13–15]. Considering that 69 

the CVL is observed only under photon irradiation, a CVL-selective optical filter should allow 70 

distinguishing a photon-induced signal from a neutron-induced one. However, a systematic study of 71 

the correlations between the CLYC decay time, its spectral information and the LET of the impinging 72 

particle has not yet been performed. 73 

 74 

We therefore investigated the CVL behavior when the crystal is excited by neutrons and photons, 75 

correlating the time response to the scintillation wavelength spectrum. The analysis was carried out 76 

following two different methods: 1) by measuring the X-ray and γ-ray excited radio-luminescence 77 

(RL) spectra at different photon energies, and 2) by performing a pulse shape analysis of the signal 78 

produced by the interaction of γ-rays and neutrons, using both a photomultiplier tube (PMT) and a 79 

Time Correlated Single Photon Counting (TCSPC) technique [16,17]. All measurements were 80 

repeated with and without an optical filter in between the crystal and the sensor. The filter was 81 

chosen to select only the CVL-related spectral region. This allowed investigating the effects of the 82 

LET of the impinging particles on the specific scintillation mechanisms. 83 

 84 
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 85 

Figure 1. Scintillation mechanisms in CLYC [12]. (a) Excitation of an electron from the core band to the 86 

conduction band and subsequent formation of a hole (1); the hole in the core band then recombines 87 

with a valence electron (2) causing the emission of the CVL light. (b) Excitation of an electron from 88 

the valence to the conduction band (1); the electron then migrates (2), reaching a Ce3+ recombination 89 

site (3), with the subsequent radiative de-excitation (4). (c) Excitation of an electron from the valence 90 

to the conduction band (1) leaving a hole in the valence band; the hole is then trapped in a positive Vk 91 

centre, forming a Cl2
- molecular complex (2). This defect thermally migrates (3) to a Ce3+ centre 92 

forming a Ce4+ or a Ce3+ + Vk complex. Eventually, the new centre recombines with an electron from 93 

the conduction band (4). (d) Excitation of an electron from the valence to the conduction band and 94 

formation of a Vk complex (1); a free electron is then trapped forming a STE complex, which can 95 

recombine radiatively. (e) After the formation of the STE (1), this complex thermally migrates to a 96 

Ce3+ centre (2). The STE can de-excites transferring its energy to a Ce3+ centre (3), which subsequently 97 

recombines (4). 98 

2. Materials and methods  99 

The measurements were performed with a 1–inch right cylinder CLYC scintillator enriched in 7Li to > 100 

99%, purchased from Radiation Monitoring Devices [18]. The crystal is hygroscopic and therefore 101 

encapsulated in an aluminum housing provided with a single quartz window. The filter employed is 102 

an Asahi Spectra XUV0325 Shortpass Optical filter (Ø 25 mm, wavelength cut-off 325 nm) [19]. Its 103 



transmittance was measured with an Agilent Varian Cary 50 spectrophotometer ranging from 190 104 

nm to 1100 nm. 105 

2.1 Radio-luminescence measurement setup 106 

The first RL measurements were performed at the University of Milano – Bicocca. The measurement 107 

system is made of a liquid nitrogen-cooled, back-illuminated and UV-enhanced charge-coupled 108 

device (CCD) (Jobin-Yvon Spectrum One 3000). The CCD is coupled with a monochromator (Jobin-109 

Yvon Triax 180) with a 100 grooves/mm grating. The RL excitation was obtained by X-ray irradiation 110 

using a Philips PW2274 X-ray tube with a tungsten anode and a Be-window, operated at 20 kV. 111 

The second set of measurements employed a portable Back-thinned CCD Array Spectrometer Prime 112 

X (B&W TEK) [20]. A portable device was used for the irradiations performed at the calibration 113 

laboratory of the Polytechnic of Milan. X-ray fields were produced via a high-stability Seifert ISOVOLT 114 

320/10 X-ray generator (maximum voltage 300 kV). The tube provides the complete ISO 4037 115 

standard X-ray series radiation qualities [21]. In particular, the quasi-monoenergetic Narrow series 116 

(N-series) were employed. The N-series radiation qualities are recommended for the study of the 117 

energy dependence of the response of dosimeters [21]. γ-ray fields were produced by a certified 370 118 

GBq 137Cs isotopic source. The scintillation light emitted by the crystal was sent to the spectrometer 119 

through an optical fiber cable. The fiber and the crystal were coupled using a black cone and a 120 

tailored 3D printed assembly to optimize the light collection and reduce the light losses. The 121 

spectrometer was controlled via a laptop.  122 

2.2 Setup with the ultra-fast H6610 Hamamatsu PMT 123 

For the analysis of the CVL time behavior, the Hamamatsu H6610 Bialkali PMT was selected for both 124 

its time response and its spectral response [22]. According to its datasheet, at 25 °C the PMT is 125 

characterized by a rise time of 0.7 ns and by a transit time spread of 0.16 ns. These values must be 126 

compared to the characteristic decay constants of the CLYC scintillation process. The observed shape 127 

of the electric signal on an oscilloscope coupled to the PMT is indeed given by the convolution of the 128 

time response of the PMT itself and the decay time of the scintillator. In this case, the contribution 129 

of the PMT can partially influence the precise determination of the CVL decay time (0.7 ns versus 1–5 130 

ns) but for the other scintillation mechanisms its influence is completely negligible, as they all decay 131 

with half life > 50 ns. 132 

Besides being characterized by a very short decay time, the CVL mechanism is observed in between 133 

the deep-UV and NUV wavelength range (250-350 nm). The quantum efficiency of the H6610 PMT 134 

varies from about 10% to 20% from roughly 200 nm up to 430 nm [22]. The window material of the 135 

H6610 PMT is made of silica glass, which transmits ultraviolet light down to 160 nm. On the contrary, 136 

the window material of commonly used PMTs consists of borosilicate glass, which transmits light 137 

only down to 300 nm [23]. The CLYC was coupled to the H6610 PMT through an optical grease 138 

(Rhodorsil Pate 7). The effective area of the PMT photocathode (20 mm diameter) was completely 139 

covered by the crystal surface whose diameter is 25.4 mm. The PMT was supplied with -2500 V, and 140 

the output connected to a Teledyne LeCroy Waverunner 8104 Oscilloscope (1 GHz, 20 GSamples/s) 141 

with a 50 Ω termination. The PMT and the crystal were placed inside a light-tight and thermally 142 

regulated chamber kept at 18 °C. When the optical filter was interposed between the PMT 143 

photocathode and the CLYC, a thin layer of the optical grease was applied on both surfaces of the 144 

filter for optical coupling. 145 

The irradiations were performed employing a 137Cs source (3.31 MBq) and an unshielded Am-Be 146 

neutron source (359.03 MBq). 147 



2.3 Time Correlated Single Photo Counting (TCSPC) setup 148 

The TCSPC technique is specifically aimed for precise rise and decay time measurements of inorganic 149 

scintillators [16,17]. A 22Na β+ source was interposed between the CLYC and a fast detection system 150 

called start detector. The start detector is composed of a 2 mm × 2 mm × 5 mm LSO:Ce crystal 151 

coupled to an Hamamatsu Photonics K.K. (HPK) S13360-3050 Silicon Photomultiplier (SiPM) with a  152 

Meltmount thermoplastic, connected to a NINO readout board [24]. On the other side, the CLYC 153 

faced a Vacuum Ultraviolet single–photon avalanche diode (VUV–SPAD) from Fondazione Bruno 154 

Kessler, called stop detector ([25]). A SPAD is a photodiode operating in Geiger mode as an on-off 155 

switch triggered by a photon arriving on its surface. A SiPM is actually a dense array of independent 156 

SPADs, whose function is to count the number of photons reaching the SiPM surface [26]. In the 157 

hereby described setup, the CLYC and the stop detector (the VUV–SPAD) were not optically coupled 158 

[27]. 159 

The TCSPC technique works as follows (Figure 2). When one of the two annihilation γ-rays emitted in 160 

coincidence by the source is detected in the start detector, the time measurement starts. If the 161 

second γ-ray interacts with the crystal facing the stop detector, the scintillation produces several 162 

visible photons following its characteristic decay time statistics. The time measurement stops when 163 

the first scintillation photon reaches the stop detector. Saving a large number of events and plotting 164 

them on a histogram, the decay time of the scintillator is reconstructed in terms of number of counts 165 

versus emission time [16,17].  166 

The measurement was performed with and without the filter. In the former case, the filter was 167 

interposed between the CLYC and the stop detector, at a distance of a few centimeters from both. 168 

Because of the smaller dimensions of the stop detector (a few tens of µm2) compared to the surface 169 

of the filter (Ø 25 mm), it is reasonable to assume that the light reaching the photodetector was 170 

correctly filtered. 171 

 172 

 173 

Figure 2. The TCSPC setup with the CLYC crystal [27]. 174 

3. Results and discussion 175 

3.1 Radioluminescence spectra 176 

Figure 3 shows the results of the RL characterization of the crystal performed at the University of 177 

Milano - Bicocca. The X-ray tube was operated at 20 kV. The RL emission spectrum was corrected for 178 

the background and for the spectral response of the detection system. The resulting spectrum shows 179 



the characteristic doublet peak due to the Ce3+ emission in the 340-500 nm range, peaked at 375 nm 180 

and 395 nm. A band is also revealed at around 300 nm, which is usually attributed to the CVL 181 

scintillation mechanism [8,28]. The relative intensity of the CVL mechanism with respect to the total 182 

scintillation light was quantified as the ratio of the area under the CVL portion of the spectrum 183 

(between 260 nm and 330 nm) over the area under the entire emission spectrum (between 260 nm 184 

and 500 nm). The CVL contribution is about 5% of the total signal. Figure 3 also shows the filter 185 

transmittance. It can be observed that the filter is selective to the CVL emission and completely cuts 186 

the Ce3+ emission region. 187 

 188 

Figure 3. Left y-axis: RL emission spectrum in CLYC irradiated with the X-ray tube operated at 20 kV. 189 

Right y-axis: measured transmittance of the Asahi Shortpass filter. 190 

Figures 4 and 5 show the results obtained at the Polytechnic of Milan. The spectra are background 191 

corrected and normalized to their maximum. The background was calculated as the average value of 192 

counts in the 800-900 nm region. The spectra are not corrected for the spectral response of the 193 

detector, because the response of the CCD was not characterized below 350 nm. However, a 194 

comparison in relative terms is still valid since the experimental setup was the same for all 195 

irradiations performed at the Polytechnic.  196 

Figure 4 shows the RL spectra measured irradiating the CLYC with the 137Cs source with and without 197 

the optical filter. The measurement demonstrates the proper selectivity of the filter in cutting the 198 

Ce3+-related emission. Figure 5 shows the RL spectra obtained irradiating the crystal at different X-199 

ray energies and with 137Cs photons. Most authors working on the CLYC characterization generally 200 

agree that the CVL mechanism is selectively quenched only by high-LET particles such as neutron 201 

capture products. However, to the best of our knowledge the LET dependence of the RL spectral 202 

emission under γ-ray irradiation has never been studied. If a dependence of the CVL on LET in the 203 

tested 0.5–5 keV/µm range exists, the shape of the scintillation spectrum must vary as a function of 204 

the photon energy. Figure 6 shows the LET versus photon energy in the selected energy range. 205 

If a dependence exists, methods based on the CVL suppression for neutron identification might 206 

return wrong results, i.e. low-energy photon-induced events could be misinterpreted as neutron-207 

induced ones. This should be particularly critical in the case of a system using an optical-based 208 

discrimination readout. The curves shown in figure 5 do not reveal any dependence of the CVL 209 

mechanism on the energy of the incident photons. 210 



 211 

Figure 4. RL emission spectrum in CLYC irradiated with the 137Cs source, measured with and without 212 

the Asahi Shortpass filter between the crystal and the optical fiber. 213 

 214 

  215 

Figure 5. Normalized RL emission spectra of CLYC irradiated with X-rays of different energies (mean 216 

values between 17.1 keV and 202 keV) and with the 137Cs source (662 keV). 217 



 218 

Figure 6. The LET versus photon energy calculated for the CLYC crystal in the 5 keV – 1 MeV energy 219 

region. Data taken from [29]. 220 

RL measurements under neutron irradiation were undertaken using an 888 GBq Am-Be fast neutron 221 

source at CERN. The employed readout setup was the same as the one used at the Polytechnic of 222 

Milan. A 5 cm thick lead slab was interposed between the neutron source and the crystal to suppress 223 

the γ-ray background. In spite of the relatively high activity of the source, the low 35Cl capture cross 224 

section and the low sensitivity of the portable spectrometer prevented the detection of any signal 225 

above the instrument noise. 226 

3.2 Pulse shape analysis with the ultra-fast H6610 Hamamatsu PMT 227 

The time information was obtained employing the Hamamatsu H6610 PMT. Four experiments were 228 

performed: 137Cs irradiation in bare configuration (i.e. CLYC facing the PMT), 137Cs irradiation in 229 

filtered configuration (i.e. with the optical filter placed between CLYC and PMT), Am-Be irradiation in 230 

bare configuration and Am-Be irradiation in filtered configuration. 231 

In the case of the photon irradiation, all pulses were analyzed by aligning, normalizing and averaging 232 

the data under the 137Cs photopeak at 662 keV, thus obtaining the so-called standard pulse. In the 233 

case of Am-Be irradiation, particle discrimination was first performed by PSD using the charge 234 

integration method [30]. The collected signals were integrated following the formula: 235 

PSD �
����	�


����	�
��
��
  (1) 236 

where ������� is the integral charge between the start of integration and 50 ns, and ����� is the 237 

integral charge from 50 ns to 1500 ns. These two values were chosen after the optimization of the 238 

PSD Figure Of Merit (FOM = 2.33). The FOM was calculated as following [24]: 239 

FOM �
�����

� !"��� !"�
  (2) 240 

where #$ and #% are the mean values of the photon and neutron gaussian distributions of the PSD 241 

and &'()$ and &'()% the corresponding full widths at half maximum. 242 

Figure 7 shows the PSD histogram plot, from which the FOM was calculated, and the 2D histogram 243 

plot of the PSD versus the total charge in the case of unfiltered Am-Be irradiation. The acquired 244 



signals were then classified in the PSD space, and only those belonging to the neutron region of the 245 

PSD space (blue box in the right plot of figure 7) were used for the decay time analysis. The neutron 246 

region was defined by the signals with a PSD value within	#% + ,%, i.e. between 0.082 and 0.113, in 247 

order to cut the signals in the tails of the Gaussian distribution. 248 

For the sake of completeness, also the signals classified in the PSD space as photons (red box in the 249 

right plot of figure 7) were averaged and the corresponding standard pulse was calculated for the 250 

decay time analysis.  251 

The uncertainty of the calculated decay time is mainly affected by the number of the averaged 252 

signals, the signal alignment and the region selected as neutrons or photons in the 2D PSD histogram 253 

plot,  whereas the uncertainty on the fitting procedure is negligible.A total uncertainty of 10 % was 254 

estimated for the measurements with the PMT. 255 

 256 

 257 

Figure 7. On the left, the PSD histogram plot calculated for the Am-Be neutron source; on the right, 258 

the 2D PSD histogram plot where γ-rays and neutrons are identified by the two regions enclosed in a 259 

red and a blue box, respectively. 260 

As mentioned above, measurements were performed for both the bare and the filtered 261 

configuration. However, the filtered results had to be discarded, because the filter did not 262 

significantly modify the recorded signals in the case of both γ-ray and neutron irradiations. This 263 

result is in contrast with the previous RL measurements, where it was observed that only the 264 

emission related to the CVL region was transmitted by the optical filter, and thus an appreciable 265 

distortion of the signal was expected. Moreover, the signal amplitude did not vary significantly. 266 

Therefore, the filtered results were rejected because of experimental errors (two possible 267 

explanations are given in section 4), and hereafter only the unfiltered configuration results are 268 

discussed. 269 

The decay curves of the standard pulses were fitted using a sum of four, for γ-rays, and three, for 270 

neutrons, exponential decays, according to the following equation: 271 

y.t0 � ∑ 2�3
�� 4⁄

�   (3) 272 

where 2�  is the amplitude of each exponential and 6� the decay time. 273 

Figures 8, 9 and 10 show the standard pulses with the fit and the plot of the residuals calculated as 274 

the difference between the experimental and the model predictions. In all cases the fit is 275 

satisfactory, with R2 ∼ 1; the model does not systematically underestimate/overestimate the 276 



experimental data. The results of the fits are summarized in table 1. The uncertainties reported in 277 

table 1 are statistical. For each pulse, the table reports the time constants 6� and the relative 278 

intensity of the associated scintillation mechanism in relation to the total signal. The relative 279 

intensities were calculated as the percent contribution of the single scintillation mechanism to the 280 

total signal. 281 

  282 

 283 

Figure 8. Top: the standard pulse and the fit of the photon signals for the 137Cs source irradiation. 284 

Bottom: the plot of the residuals.  285 

 286 

Figure 9. Top: the standard pulse and the fit of the photon signals for the Am-Be source irradiation. 287 

Bottom: the plot of the residuals.  288 

 289 



 290 

Figure 10. Top: the standard pulse and the fit of the neutron signals from the Am-Be source 291 

irradiation. Bottom: the plot of the residuals.  292 

 293 

Table 1. The decay times (τ) and the relative intensity (Int) of the CLYC scintillation mechanisms 294 

calculated for the standard pulses produced by γ-rays and neutrons. Measurements performed with 295 

the Hamamatsu H6610 PMT. 296 

 297 

Particle 

(source) 

CVL Fast Ce3+ Vk STE 

R2 
τ1 (ns) Int (%) τ2 (ns) 

Int  

(%) 

τ 3  

(ns) 
Int (%) 

τ 4  

(ns) 
Int (%) 

γ-rays 

(137Cs) 
2.7 + 0.3 1.10 45 + 5 3.26 781 + 78 20.68 

6325 + 

633 
74.96 0.988 

γ-rays 

(Am-Be) 
2.5 + 0.2 1.49 43 + 4 3.70 747 + 75 21.11 

5806 + 

581 
73.70 0.997 

Neutrons 

(Am-Be) 
1.7 + 0.2 0.22 — — 824 + 82 25.57 

6140 + 

614 
74.21 0.993 

 298 

As expected, for the γ-ray irradiation four mechanisms were observed, with their estimated 299 

coefficients in agreement with the literature, i.e. CVL 1-5 ns, direct capture ∼ 50 ns, binary 300 

recombination mediated by Vk ∼ 700 ns and STE ∼ 5 µs. In general, literature data agree on the 301 

quenching effects of high LET particles on the CVL. The LET of an α particle produced by a neutron 302 

reaction from an Am–Be source in CLYC is around 150 keV/µm while it is 15 keV/µm for a proton, i.e. 303 

30 and 3 times higher, respectively, than the maximum LET studied in section 3.1. However, the 304 

present results show that an ultra-fast scintillation mechanism is also present with neutrons, which 305 

was attributed to the CVL. The faster decay time of the CVL with neutrons might be due to the 306 

statistical uncertainty of the standard pulse. Nevertheless, a fast decay component is clearly seen 307 

from the neutron standard pulse (see figure 10). 308 

According to the present results, the CVL is only partially quenched by neutrons, while the fast decay 309 

is completely quenched. In fact, the neutron standard pulse is better fitted by a 3-exponential 310 

function rather than a 4-exponential one. The relative importance of the CVL drops from 1.1% with a 311 



4-exponential function in the case of γ-ray irradiation, down to 0.22% with a 3-exponential function 312 

in the case of neutron irradiation. This result is not in complete disagreement with literature data. 313 

Firstly, the CVL is actually quenched by high LET particles. In addition, the low intensity of the 314 

residual CVL might not be observed if the employed setup is not sensitive enough. In the present 315 

experiment, the flat spectral response and fast rise time of the Hamamatsu H6610 PMT together 316 

with the fast oscilloscope allowed distinguishing between the two contributions (CVL and fast Ce3+) 317 

even in the case of a strong CVL quenching. 318 

3.3 Pulse shape analysis with the Time Correlated Single Photo Counting (TCSPC) setup 319 

Figure 11 shows the results of the TCSPC measurement: the left plot shows the unfiltered 320 

configuration, the right plot the filtered one. The points in the histogram are the time measurements 321 

with a bin width of 60 ps. The green line is the moving average of the data, the red line is the fit to 322 

the data. The plot of the residuals of each pulse is also shown. For a better analysis of the filtered 323 

data, figure 12 shows a zoom of the results for the filtered case together with the measured Impulse 324 

Response Function (IRF) of the system, i.e. the time resolution of the acquisition system. The fitting 325 

equation shown in figure 12 was obtained by convolving the IRF with the scintillator response 326 

function. The details of the fitting procedure are described in [17]. Figure 12 shows that the 327 

contribution of the IRF to the decay component of the measured pulse is negligible. Table 2 reports 328 

the decay times 68, with their statistical uncertainties and their relative intensity on the total signal. 329 

A 0.5 % uncertainty on the calculation of the decay times is due to the TCSPC setup [16], which is 330 

negligible with respect to the fitting uncertainty. Thus, the latter is reported in table 2. 331 

 332 

 333 

Figure 11. The result of the TCSPC measurement of the CLYC response without the filter (on the left) 334 

and with the filter (on the right). The points are the measured data, the green line is the moving 335 

average and the red line is the fit. The bottom plots show the corresponding residuals. 336 

 337 



 338 

Figure 12. A zoom of the results of the TCSPC measurement of the CLYC response with the filter. The 339 

points are the measured data, the green line is the moving average and the red line is the fit. The 340 

dotted black line is the IRF of the system. 341 

Table 2. The decay times (τ) and the relative intensity (Int) of the CLYC scintillation mechanisms 342 

estimated through the TCSPC technique in both bare and filtered configurations. 343 

Setup 

CVL Fast Ce3+ Vk + STE 

χ2 

τ1 (ns) Int (%) τ2 (ns) Int (%) τ 3 (ns) Int (%) 

Unfiltered 1.90 + 0.07 2.06 57 + 4 6.53 1379 + 67 91.41 1.002 

Filtered 1.67 + 0.04 18.58 — — 1639 + 482 81.42 0.997 

 344 

The decay constants estimated with the TCSPC setup without the filter match reasonably well the 345 

decay times measured with the PMT and agree with literature data, taking into account the different 346 

recorded length [9,31]. In the filtered configuration the fast emission is dominated by the CVL 347 

mechanism, while the Ce3+ emission around 50 ns is not detected, so it appears that optical filtration 348 

is in line with the RL measurements. 349 

The TCSPC setup is optimized for the estimation of the fastest decay mechanisms of the analyzed 350 

scintillator. In particular, its 60 ps discretization and the possibility to introduce the impulse response 351 

function of the measurement system in the fit allow precisely estimating extremely fast decay 352 

constants [17]. Conversely, the 1500 ns integration window does not permit distinguishing between 353 

the two slowest scintillation mechanisms, which are merged in a single Vk + STE component. 354 

3.4 Discussion 355 

The different experiments here reported aimed at observing the same scintillation process from 356 

different perspectives, i.e. in the time and wavelength domains. The RL filtered vs unfiltered results 357 

can be qualitatively compared to the TCSPC filtered vs unfiltered results, respectively. In both cases, 358 

the optical filter was placed at a certain distance between the crystal and the sensor without any 359 

optical coupling. The RL measurement results showed that no signal was collected at wavelengths 360 

longer than the filter cut-off. In the TCSPC experiments, the decay constant of the fast mechanism, 361 

which is confined within 350–450 nm wavelength range, completely disappeared. 362 



The merged Vk + STE component becomes appreciably slower with the optical filtration, thus 363 

suggesting that also the intermediate component, which is again confined in the Ce3+-related region, 364 

was blocked by the filter. Literature data and the RL measurement (figure 3) endorse this hypothesis. 365 

Thus, the retention of the slower component in the filtered signal can be ascribed to the STE de-366 

excitation since its emission spectrum spans from 240 nm up to 460 nm [11,12,32], even though in 367 

large doped crystals the STEs mainly de-excite on Ce3+. Therefore, most of the signal belonging to the 368 

lower wavelength region appears to be dominated by STE de-excitation instead of CVL (at least > 369 

80% relative importance; the exact value can be obtained with integration windows at least ≥ 15 µs). 370 

However, the number of counts of the filtered signal in the tail region is around the background level 371 

and its estimation is affected by a major uncertainty. For this reason, the relative intensities of the 372 

decay mechanisms in the deep-UV – NUV region cannot be precisely evaluated. 373 

The TCSPC and fast PMT results can be quantitatively compared. The H6610 PMT is particularly fast: 374 

its rise and transit times are of the order of tenths of ns. However, considering the 1–5 ns decay 375 

constant of the CVL, the PMT response function is expected to perturb the estimation of the decay 376 

constant. On the contrary, the 1500 ns integration window allowed distinguishing between the 377 

intermediate and the slow components. 378 

Therefore, the two measurements allow estimating different quantities in the bare configuration 379 

under γ-ray irradiation, but a correspondence should first be established. To assess the 380 

correspondence between the two measurements, one can integrate the fast PMT measurement in 381 

the bare configuration under photon irradiation for 1500 ns and compare it to the corresponding 382 

TCSPC result. The fit has to be done with the same 3-exponential function of the TCSPC experiment. 383 

Table 3 summarizes the obtained fit coefficients with their statistical uncertainty and their relative 384 

intensities. 385 

Table 3: Decay constants (τ) and relative intensities (Int) of the CLYC scintillation mechanisms 386 

measured with the TCSPC technique compared to the Hamamatsu H6610 PMT results. In both cases 387 

the integration time was 1500 ns. 388 

Setup 

CVL Fast Ce3+ Vk + STE 

τ1 (ns) Int (%) τ2 (ns) Int (%) τ 3 (ns) Int (%) 

TCSPC 1.90 + 0.07 2.06 57 + 4 6.53 1379 + 67 91.41 

PMT 2.8 + 0.3 2.04 49 + 5 6.46 1394 + 139 91.50 

 389 

The two fits are quantitatively superimposable. The main difference is a 45% discrepancy on the CVL 390 

decay constant, which is slower in the case of the fast PMT measurement. The result was expected 391 

since the PMT response time is comparable to the CVL decay constant. However, the relative 392 

intensity is the same for the PMT and TCSPC measurements. Hence, the four decay coefficients 393 

estimated with the fast PMT measurement (see table 2) can be considered sufficiently accurate for 394 

estimating the effects of the neutron quenching on the CLYC scintillation mechanisms. Therefore, 395 

the conclusions drawn in section 3.2 are further validated, i.e. with neutrons the fast mechanism is 396 

fully quenched, while the CVL is strongly, but only partially, quenched. 397 

It is worth mentioning that the quenching of the CVL by heavy ions is still under study, especially for 398 

relatively new crystals such as CLYC. Most of the authors agree with ascribing this effect to the high 399 

excitation density promoted by heavy ions [5,33,34], however its origin is not completely clear. For 400 



example, according to Kirm et al., [33], the quenching of the CVL is due to the higher probability, 401 

with increasing LET, of recombination between the electrons of the conduction band with the holes 402 

of the core band. This recombination competes with the CVL. Nevertheless, in [34] an ultra-fast 403 

scintillation mechanism (< 1 ns), ascribed to the CVL, was actually measured in a BaF2 crystal after 404 

heavy ion irradiation. 405 

Finally, the optical filtration operated well in the case of the RL and TCSPC experiments, but no 406 

effects were observed during the fast PMT experiments. Two possible explanations are 1) a problem 407 

in the measurement setup, i.e. inaccurate coupling between crystal and filter, or 2) effects of the 408 

optical grease and/or direct coupling between crystal and filter. The second hypothesis is related to 409 

the fact that the dichroic filter used is slightly sensitive to both the impinging photon direction and 410 

the refractive index of the medium it is in contact with. The filter transmittance was measured in air 411 

(figure 3), while during the measurements with the PMT the filter was in between the PMT and CLYC 412 

and its surfaces were covered by the optical grease. Further investigations are required, in particular 413 

in the light of performing n/γ discrimination using the emission-wavelength information.  414 

4. Conclusions 415 

The different experiments performed using the 7Li enriched crystal and the Asahi optical filter 416 

allowed precisely characterizing the material scintillation process. The wavelength-resolved RL 417 

results obtained with different photon energies allowed verifying that there is no LET-dependence of 418 

the CLYC emission in the range 0.5–5 keV/μm, i.e. X-ray and γ-ray stimulations do not significantly 419 

distort the CLYC scintillation process.  420 

The fast PMT measurements allowed observing the effects of the neutron quenching in the time 421 

domain. Differently from what reported by some authors: 1) a residual CVL signal is observed; 2) the 422 

direct electron-hole capture is fully quenched by the neutron capture products. The fast 423 

characteristic time and the rather flat quantum efficiency of the PMT allowed distinguishing among 424 

the fast and ultra-fast mechanisms also in the presence of a strong CVL quenching. 425 

The TCSPC measurements allowed validating the fast PMT findings. Moreover, the filtered vs 426 

unfiltered TCSPC experiments suggested that in the 250–330 nm region both the CVL and the host 427 

luminescence are present, with a predominant contribution due to the STE de-excitation. However, 428 

the relative intensity of these two mechanisms cannot be precisely estimated because of the 429 

uncertainty affecting the STE estimation and the short integration window of the TCSPC experiment. 430 
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Can the Core-to-Valence Luminescence (CVL) be used to perform n/ discrimination in a CLYC crystal through optical filtering

selection of the scintillation light?
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➢ Different wavelength region

➢ Quenched by high LET particles such as neutron reactions’ products.
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THE IDEA IS THE PROPOSED IDEA FEASIBLE? 

Conclusions: 

• The CVL intensity is constant with photons in the energy range 20-660 keV 

• Neutrons partially quench the CVL and completely cut the direct electron-hole capture

• The luminescence in the 250-350 nm wavelength range might be attributed to both the CVL and the host luminescence 
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