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Highlights   13 
 14 
• Detection system based on elpasolite CLYC scintillators was studied for directional detection of neutrons and 15 

gamma rays.  16 
• Experimental study of the scintillator responses was carried out using a three-cell array.  17 
• Maximum likelihood estimation technique was used to localize a radiation source.  18 
• Three-cell array is feasible to ascertain the direction to a neutron source and a gamma-ray source.  19 
 20 
Abstract  21 
 22 
A radiation detection system consisting of an array of three Cs2LiYCl6:Ce3+ elpasolite cells was studied for 23 
simultaneous, directional neutron and gamma-ray measurements. Utilizing a neutron source and gamma-ray 24 
sources, measurements were carried out while rotating the three-cell array 360°. The measurement data were 25 
processed using a maximum likelihood estimation technique to determine the most probable angle pointing to the 26 
radioactive source. The detection system enables measuring gamma rays and neutrons simultaneously and 27 
estimating locations of radioactive sources within 23°.  28 
 29 
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 31 
1. Introduction  32 
 33 

Radiation measurement systems are important to preventing nuclear weapons proliferation and supporting 34 
homeland security tasks such as detection, quantification and tracing of radioactive sources including nuclear 35 
materials [1-4]. Radiological and nuclear materials can be smuggled into countries through seaports and border 36 
crossings [5]. Radioactive sources have been stolen or lost exposing the public to elevated levels of radiation [6]. 37 
Radioactive isotopes can be discharged into the environment because of natural catastrophes or accidents at 38 
facilities such as the disaster at the Fukushima Daichi nuclear power plant [7-10]. In remote monitoring, photon 39 
and neutron measurements are utilized because charged particles such as electrons and alpha particles are 40 
attenuated by a thin shielding layer and have short ranges in air. Gamma and neutron detection are essential for 41 
nuclear waste management and environmental safety [11, 12], active material assay technologies [13-15], and dual-42 
particle imaging techniques [16, 17]. It is imperative to continue to advance gamma and neutron detection 43 
capabilities to prevent and mitigate growing radiological and nuclear threats and support radiation measurement 44 
technologies for applications in different areas.  45 

One such advancement in radiation detection is the ability to simultaneously detect neutrons and gamma rays 46 
using a single detector. Previously, two separate detection systems were employed: one system for the gamma 47 
spectroscopy, and another system for neutron counting. For example, a high purity germanium detector with 48 
cryocooling or a sodium iodide scintillator was used to measure a gamma spectrum, and a 3He tube equipped with 49 



 

a moderator was employed for neutron measurements [18]. The use of two different detectors with coupled 50 
electronics, power supplies, and software makes the gamma/neutron sensing system complex, bulky, and costly. 51 
Therefore, a dual mode (gamma rays and neutrons) detection system, preferably an ambient temperature design, 52 
is necessary especially for deployment in field conditions. Liquid and plastic scintillators enable detecting both 53 
photons and neutrons by a single sensor; however, their energy resolution is poor for the gamma spectroscopy [19-54 
21].  55 

The elpasolite scintillator Cs2LiYCl6:Ce3+ (CLYC) allows gamma and neutron detection with no cryogenic 56 
cooling needed [22-24]. CLYC’s density is 3.31 g/cm3. The refractive index is 1.81 at 405 nm. CLYC is a bright 57 
scintillator; its outputs are 20,000 photons per one absorbed 1-MeV gamma ray and 70,000 photons per one 58 
absorbed thermal neutron. Gamma rays interact with the CLYC primarily by means of Compton scattering, 59 
photoelectric absorption, and pair production. The full width at half maximum (FWHM) energy resolution for 662 60 
keV gamma rays is less than 5%. Neutron detection is achieved via 6Li(n,α)t reaction (the cross-section is 940 61 
barns). The α-particle and 3He ion share energy of 4.78 MeV, generating ionization tracks in CLYC. The trapping 62 
of free charges in Ce3+ scintillation centers leads to the de-excitation with production of a light pulse. In the energy 63 
spectrum, the associated peak is recorded at 3.0 MeV gamma-equivalent energy (GEE) with the FWHM energy 64 
resolution of 3%. It enables pulse height discrimination of neutron and photon events, except the 3-MeVee peak 65 
width region. In addition to the detection of gamma rays and thermal neutrons, fast neutron detection using CLYC 66 
is feasible via (n,p) reaction on 35Cl isotope leading to production of 35S [25, 26]. The Q-value of this reaction is 67 
0.615 MeV; the emitted proton’s energy is the incident neutron energy plus the Q-value. The resultant peak appears 68 
at a GEE proportional to the incident neutron energy. Thus, fast-neutron spectroscopy is possible with CLYC 69 
although it was not exploited in this study. 70 

The CLYC scintillation emission includes three distinct decay components [27, 28]. Two components appear 71 
due to gamma ray interactions with the CLYC scintillator and include the core-to-valence luminescence (CVL) 72 
[29] and prompt Ce3+ emission. The CVL has 250 nm – 350 nm wavelength range and 2 ns decay time constant. 73 
The Ce3+ emission wavelength range is 350 nm – 450 nm, and the decay time constant is 50 ns. The third 74 
component that appears due to a neutron interaction within the CLYC is cerium self-trapped excitation (Ce-STE). 75 
It has 350 nm – 450 nm range and 1,000 ns decay time constant. The substantial difference in the decay times of 76 
the gamma-ray induced versus neutron-induced emission components of CLYC allows for an excellent pulse shape 77 
discrimination (PSD) between neutrons and gamma rays [30, 31]. To increase thermal neutron detection efficiency, 78 
the 6Li-enriched CLYC crystals were grown. For example, the 95% 6Li enriched CLYC (or CLYC6 material) 79 
enabled 2.3 times larger thermal neutron cross section compared to the cross section of 3He gas of the same volume 80 
at 9.86 atmospheres [32].  81 

Directional gamma and neutron detection systems that make it possible to locate positions of the sources are 82 
often needed [33-37]. Elpasolite detectors can be used for directional detection of photons and neutrons [38, 39]. 83 
Computational studies showed that a directional detection system consisting of an array of elpasolite detectors is 84 
feasible for simultaneous measurements of neutron and photon flux with the localization of radiation sources [40]. 85 
A detection system consisting of an array of three CLYC6 cells was developed and utilized in this study to 86 
experimentally ascertain the feasibility of such a system to address the directional sensing of gamma rays and 87 
neutrons simultaneously. Gamma spectroscopy, neutron/gamma PSD, and radiation source localization were 88 
performed. The experimental setup and test results are discussed herein.  89 

 90 
2. Directional neutron and photon measurements  91 
 92 
2.1 Experimental setup  93 
 94 

An array of three cylindrical CLYC6 scintillator cells was developed. The array consisted of two 1-inch 95 
diameter by 1-inch height scintillators (denoted as CLYC #1 and CLYC #2) and one 1.5-inch diameter by 1.5-inch 96 
height CLYC scintillator (denoted as CLYC #3). The scheme of the three-cell array arranged as a symmetrical, 97 
tightly packed assembly is shown in Fig. 1. Elpasolite scintillator cells in this arrangement shadow each other 98 
partially blocking an incident photon or neutron at different angles. Therefore, incident gamma rays and neutrons  99 



 

 100 
 101 

Figure 1. Scheme of the directional detection system.  102 
 103 

generate different responses in the CLYC6 cells at different angles. This information enables deducing the angle 104 
pointing to the emitting source. 105 

CLYC6 scintillators used in this study were procured from Radiation Monitoring Devices. To characterize each 106 
cell, neutron/gamma PSD and gamma spectroscopy measurements were carried out using a bialkali Hamamatsu 107 
R6231-100-01HA photomultiplier tube (PMT) matching the scintillation emission range of CLYC, high voltage 108 
(HV) base and a single-channel eMorpho digitizer (Bridgeport Instruments). The analog signals of the PMT anode 109 
were digitized. Then, the digital waveforms were analyzed yielding the following three parameters in a list mode: 110 
a waveform’s start time, an integral under the waveform that is related to the energy of radiation absorbed in the 111 
CLYC cell, and ‘partial’ integral calculated only under the front portion of the signal based on the preset time 112 
window. These list-mode parameters were used for the neutron/gamma PSD analysis utilizing a radiation 113 
identification (RID) value calculated as a ratio of integrals under the tail portion and front portion of the waveform. 114 
Because neutron-induced waveforms exhibit longer tail parts than photon-induced waveforms, and similar rise 115 
times, the ‘neutron’ RID values are greater. It allows separating neutron events and photon events based on RIDs.  116 

This study was performed at the nuclear engineering laboratory of University of Nevada Las Vegas. The 117 
laboratory houses a shielded vault containing radioactive sources: a moderated 2-Curie 239PuBe source, 0.898-μCi 118 
137Cs and a 0.9314-μCi 60Co gamma check sources. Separated photon list-mode data were used to generate the 119 
gamma energy spectrum. The spectrum was calibrated using gamma test sources. The FWHM energy resolution 120 
of the 662 keV peak for 137Cs and 1.17 MeV and 1.33 MeV peaks for 60Co were determined employing a Gaussian 121 
fit.  122 

The source localization measurements were performed with an array of three CLYC scintillators each with its 123 
own PMT and HV base. All three detectors were mounted on to a rotating turntable. Direction indicators were 124 
placed at each 10° increment through 360° on the turntable. A four-channel qMorpho MCA/digitizer (Bridgeport 125 
Instruments) was used to analyze signals of three CLYC cells. Both digitizers were linked via USB to a PC running 126 
the Igor Pro user interface providing communication between the user and the detection system and processing 127 
capabilities to analyze the measured radiation data.  128 

 129 
2.2 Source localization  130 
 131 

For source localization measurements, the detector system was set atop a turntable that provided 360° 132 
rotation of the system in the xy-plane. For gamma measurements only, a source holder was used to move the 133 
source being detected along the z-axis (vertically) to provide a third dimension to the source location. The 134 
239PuBe source was too heavy to move along the z-axis. However, three-dimensional measurements of the 135 
gamma-ray sources are representative of how the detector system would respond to a source in the field that is 136 
not in the plane of the detection system.  137 



 

For each source placement scenario, the detector system was rotated 360° in the xy-plane in increments of 40°. 138 
Data gathered from each detector in the three-cell array at each angle was processed using a maximum likelihood 139 
estimation (MLE) procedure. The MLE methodology is a statistical analysis that provides means to estimate 140 
unknown parameters for a set of data [41]. In this study, it is the angle pointing to a radioactive source location 141 
that was estimated using MLE. The angular dependent data measured by each CLYC cell in the three-cell array 142 
was fitted with a sum of sine model. The angle at which each fitted function has a maximum is the most probable 143 
source angle for that specific cell assuming that each detector will observe the maximum number of counts when 144 
the greatest amount of each detector’s surface area is exposed to the radiation emitted from the source. It was also 145 
assumed that the observed source direction obtained from each detector in the array is normally distributed with 146 
the probability density function (PDF): 147 

 148 

𝑃𝑃(𝜑𝜑𝑚𝑚 |𝜃𝜃,𝜎𝜎2) =
1
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where 𝜑𝜑𝑚𝑚 is the observed source angle from the measured data for the m-th detector, 𝜃𝜃 is the actual source angle 149 
(unknown), and 𝜎𝜎2 is the variance of 𝜃𝜃. Since all cells are independent, the PDF for the angle pointing to the source 150 
considering all three cells in the array is:   151 

𝑃𝑃({φ𝑚𝑚}𝑚𝑚=13  |𝜃𝜃,𝜎𝜎2) =  �𝑃𝑃(𝜑𝜑𝑚𝑚 |𝜃𝜃,𝜎𝜎2)
3
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The likelihood function of Eq. 2 is defined as:  152 

𝐿𝐿𝐿𝐿(𝜃𝜃,𝜎𝜎2) = 𝑙𝑙𝑙𝑙 [𝑃𝑃({𝜑𝜑𝑚𝑚}𝑚𝑚=1
3  |𝜃𝜃,𝜎𝜎2)] (3) 

The maximum likelihood estimate for the source angle is a 𝜃𝜃 value that maximizes the likelihood function:  153 

𝜃𝜃� = arg max
𝜃𝜃

𝐿𝐿𝐿𝐿(𝜃𝜃,𝜎𝜎2) (4) 

The variance of 𝜃𝜃� is defined as: 154 

𝜎𝜎�2 =
1
3

 � (𝜑𝜑𝑚𝑚 − 𝜃𝜃�)2
3

𝑚𝑚=1

 (5) 

The standard deviation can be deduced from the variance. The angle from the detector system to the neutron 155 
or gamma-ray source being evaluated was known in this study. However, if this system would be deployed in the 156 
field to find a lost, stolen, or smuggled radioactive source or nuclear material, the exact position of the source will 157 
not be known prior to the measurements. By comparing the MLE evaluated angle to the actual angle representing 158 
the course location, it can be determined how well this detector system would find a radioactive source of unknown 159 
location in the field.  160 

 161 

 162 

 163 



 

3. Results and discussion  164 
 165 
3.1 Pulse shape discrimination  166 
 167 

Experiments of pulse shape discrimination of neutrons and photons were performed exposing the CLYC6 cells 168 
to a beam emitted by a moderated 239PuBe (α,n) source. Fig. 2a shows a PSD plot of RID versus energy, with the 169 
energy scale in keVee (electron equivalent) units calibrated using gamma sources. Neutron/photon separation is 170 
excellent on this plot. A figure of merit (FOM) was used to denote how well a CLYC6 detector can segregate 171 
neutrons from gamma rays via PSD. The PSD FOM of a detector was calculated as FOM = T / (W1 + W2), where 172 
T is the distance between the centroids of the peaks of particle 1 (gamma rays) and particle 2 (thermal neutrons), 173 
W1 is the FWHM of the peak of particle 1 and W2 is the FWHM of the peak of particle 2 (see Fig. 2b). A FOM of 174 
2.3 was achieved for CLYC6 cells in this study. Particles are considered adequately separated with a FOM ≥ 1.27 175 
[42]. Thus, the detected neutrons and gamma rays were successfully separated. The PSD technique can be utilized 176 
to perform simultaneous detection of both thermal neutrons and gamma rays using the developed detector system.  177 

 178 

   179 
(a) 180 

 181 
(b) 182 

 183 
Figure 2. (a) Neutron/gamma PSD measurement for the CLYC cell using a moderated 239PuBe source;  184 

(b) the neutron/gamma PSD FOM plot.  185 
 186 



 

 187 
3.2 Gamma spectroscopy  188 

 189 
The gamma-ray energy spectra of 137Cs and 60Co were recorded using photon data separated via PSD from 190 

neutron data. The spectra for a 1-in diameter by 1-in height CLYC cell are shown in Fig. 3a,b. A Gaussian fit of 191 
the 137Cs peak at 662 keV (shown in blue) yields an energy resolution of 4.9% with approximately 1,496 counts 192 
in the peak area. The Gaussian fit of the characteristic gamma-ray energy peak of 1.17 MeV for 60Co yields an 193 
energy resolution of 3.86% with approximately 816 counts. The Gaussian fit for the characteristic gamma-ray 194 
energy peak of 1.33 MeV 60Co yields an energy resolution of 3.6% with approximately 812 counts. The 195 
measured resolution agrees with published data for CLYC elpasolites. Such energy resolution enables 196 
spectroscopic analysis of gamma emitters and their quantification.  197 
 198 
 199 

 200 
(a) 201 

 202 

 203 
(b) 204 

 205 
Figure 3. Gamma energy spectrum: (a) 137Cs with Gaussian fit at the 662 keV peak and  206 

(b) 60Co 1.33 MeV peak.  207 
 208 
 209 
 210 



 

3.3 Source localization  211 
 212 
Directional measurements were carried out using the three-cell detector system with the 137Cs and 60Co gamma-213 

ray sources and the 239PuBe neutron source in various configurations. It should be noted that CLYC cell #1 is 214 
centered with the 40° mark on the detector system turntable, CLYC #2 is centered with the 160° mark, and CLYC 215 
#3 is centered with the 280° mark. Thus, 40° will be subtracted from the direction for which the maximum counts 216 
occur for CLYC #1, 160° for CLYC #2, and 280° for CLYC #3 to obtain the inputs to the MLE algorithm. 217 
Additionally, since the CLYC cell #3 contained a larger CLYC scintillator (1.5-inch diameter by 1.5-inch height), 218 
all results for CLYC #3 were normalized to those of CLYC #1 and CLYC #2 so that the results would not be 219 
skewed. The results of all configurations for the source localization measurements are summarized in Table 1.  220 

The first configuration was with the 137Cs source placed in a plane z = 0 cm at the distance R = 10 cm from the 221 
center of the detector system as shown in Fig. 4. The source was placed at the 0°/360° mark on the detector system 222 
turntable. The results of directional measurements for this configuration are presented in Fig. 5a. The resulting 223 
MLE evaluated direction to the source was 5°.  224 

The 137Cs source was kept at the 0°/360° mark, but the distance from the center of the detector system and 225 
height were varied. Measurements were performed for the following three configurations: (1) R = 20 cm and z = 0 226 
cm, (2) R = 10 cm and z = 10 cm, and (3) R = 20 cm and z = 10 cm. The results for these three configurations are 227 
presented in Fig. 5b,c,d, respectively. For R = 20 cm and z = 0 cm, the MLE source direction was 345° ± 2°. This 228 
estimate deviated from the actual source direction by 15°. For source position at R = 10 cm and z = 10 cm, the 229 
MLE source direction was 337° ± 16°. This deviated from the actual source direction by 23°. For R = 20 cm and z 230 
= 10 cm, the MLE evaluation of the source direction was 6° ± 26°. This result deviated from the actual direction 231 
by 6°. 232 

 233 

 234 
 235 

Figure 4. 137Cs directional measurement.  236 
 237 
 238 
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(b)  244 
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 245 
(c)  246 

 247 
 248 

 249 
(d)  250 

 251 
Figure 5. Directional measurement using a 137Cs source placed at (a) R = 10 cm, z = 0 cm; (b) R = 20 cm, z = 0 252 

cm;  (c) R = 10 cm, z = 10 cm; (d) R = 20 cm, z = 10 cm.  253 
 254 
 255 
 256 
 257 
 258 
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A configuration consisting of both the 137Cs and 60Co gamma-ray sources was used as well. The 137Cs source 259 
was placed at the 0°/360° mark on the turntable in plane with the detector system (z = 0 cm) and at a distance of R 260 
= 10 cm from the center of the system. The 60Co source was placed at the 240° mark of the turntable 20 cm below 261 
the plane of the detector system (z = -20 cm) and at R = 10 cm from the center of the directional detector. This setup 262 
is shown in Fig. 6. The results for the 137Cs source directional measurements are presented in Fig. 7a. The results 263 
for the 60Co source directional measurements are shown in Fig. 7b for the 1.17 MeV peak and Fig. 7c for the 1.33 264 
MeV peak.  265 

 266 
 267 

 268 
 269 

Figure 6. Two sources (137Cs and 60Co): directional measurement experimental setup.  270 
 271 
 272 

For the 137Cs source, the MLE source direction was 13° ± 8°. This estimate deviated from the actual source 273 
direction by 13°. For the 60Co 1.17 MeV peak, the MLE source direction was 254° ± 6°. This deviated from the 274 
actual source direction by 14°. For the 60Co 1.33 MeV peak, the MLE source direction was 250° ± 1°. This deviated 275 
from the actual source direction by 10°. The 60Co source was also placed on top of the 137Cs source to determine the 276 
feasibility of detecting two collocated gamma sources. The MLE estimates of the source direction for both sources 277 
agreed with the actual source direction of 0°/360°. 278 

 279 
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(a)  282 
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(b)  285 
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 286 
(c)  287 

 288 
Figure 7. Two-source directional measurement results for (a) 137Cs 662 keV peak; (b) 60Co 1.17 MeV peak; (c) 289 

60Co 1.33 MeV peak.  290 
 291 
 292 

Two locations for the 239PuBe source were used in directional measurements. The source was placed at the 293 
0°/360° mark on the detector system turntable in-plane with the detector system (z = 0 m) and at 1 m from the center 294 
of the system. This setup is shown in Fig. 8. The measurement results for this configuration are shown in Fig. 9a. 295 
The MLE evaluation of the source direction was 359° ± 36°; a difference of 1° from the actual source direction.  296 

The source was then moved out to R = 3 m from the center of the detector system and remained at a height in-297 
plane with the detector system. The results for this source-detector arrangement are presented in Fig. 9b. The MLE 298 
source direction was 19° ± 6°. This deviated from the actual source direction by 19°. 299 

It is hypothesized that the discrepancies observed in source direction can be eliminated by increasing the 300 
measurement time at each angle and increasing the angle increments at which measurements are performed (i.e., 301 
collect measurements at every 10° instead of 40°). These discrepancies can also be addressed by utilizing a 302 
directional detection system of identical CLYC cells of the same size and quality, identical PMTs and identical 303 
aluminum housings. In this study, two of the three CLYC detectors used in the three-cell system were the same 304 
size. In the directional neutron measurements, the shielded vault caused neutron scattering from concrete walls and 305 
the floor. The beam port of the shielded container of the 239PuBe source generated a wide beam of low energy 306 
neutrons, thus resulting in the wide angular distribution of neutron emission towards the directional detector. In 307 
field measurements at longer distances, this ‘room’ effect will be less important.  308 
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Figure 8. Directional measurements using a moderated 239PuBe source.  313 
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 318 
(b)  319 

 320 
Figure 9. 239PuBe directional measurement results: (a) R = 1 m, z = 0 m; (b) R = 3 m, z = 0 m.  321 

 322 
 323 

Table 1  324 
MLE estimates of angle pointing to the source.  325 

Source Type Source Location Actual Source 
Angle 

MLE Source 
Angle ± σ  

Actual vs 
MLE Angle 
Difference 

137Cs R = 10 cm, z = 0 cm 0°/360° 5° ± 25° 5° 
137Cs R = 20 cm, z = 0 cm 0°/360° 345° ± 2° 15° 
137Cs R = 10 cm, z = 10 cm 0°/360° 337° ± 16° 23° 
137Cs R = 20 cm, z = 10 cm 0°/360° 6° ± 26° 6° 
137Cs + 60Co (137Cs 662 keV used) R = 10 cm, z = 0 cm 0°/360° 13° ± 8° 13° 
137Cs + 60Co (60Co 1.17 MeV used) R = 10 cm, z = -20 cm 240° 254° ± 6° 14° 
137Cs + 60Co (60Co 1.33 MeV used) R = 10 cm, z = -20 cm 240° 250° ± 1° 10° 
239PuBe R = 1 m, z = 0 m 0°/360° 359° ± 36° 1° 
239PuBe R = 3 m, z = 0 m 0°/360° 19° ± 6° 19° 

 326 
4. Conclusion  327 

 328 
A detector system consisting of an array of CLYC-based detectors was studied for directional, simultaneous 329 

thermal neutron and gamma-ray measurements. The detector system was tested using a single 137Cs photon source, 330 
two gamma sources simultaneously (137Cs and 60Co), and a moderated 239PuBe source in various configurations. 331 
Directional measurements were carried out through 360° rotation in increments of 40°. The MLE algorithm was 332 
used to estimate the most probable direction to the source based on counts measured in each of the three elpasolite 333 
cells. The evaluation of the cell’s responses showed that the three-cell array is feasible to determine the direction 334 
to a point-like gamma-ray source and thermal neutron source simultaneously.  335 

For most configurations, the direction to a source was estimated within the standard deviation. The maximum 336 
error (actual versus MLE) of the discrepant results was 23°. This error can be reduced by increasing time of 337 
measurement and increasing the number of increments to be measured in 360°. The error can also be reduced by 338 
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homogenizing the detector system (i.e., same size/quality CLYC cells, same PMTs, same housings). The 339 
directional measurements using the system for search of point neutron sources at longer distances in the field will 340 
demonstrate reduced error of the angle evaluation.  341 

This three-CLYC detector system with the MLE enabled source localization would allow an end-user to search 342 
for missing/stolen radiological or nuclear materials, WMDs and RDDs, with improved direction estimates at each 343 
step while approaching the source. This system could also be used in a variety of other applications including 344 
environmental safety and waste management.  345 
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