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Abstract: Remote sensing technologies are important for radiation safety and environmental 

security applications. A dual mode Cs2LiYCl6:Ce3+ (CLYC) sensor was developed for simultaneous 

neutron measurements and gamma-ray spectroscopy. To keep users away from hazardous areas, 

an unmanned aerial system was used as a mobile sensor platform. The sensor was integrated into a 

multicopter platform as a 'plug and fly' component allowing deployment in the field conditions. 

The photon energy resolution of the CLYC sensor was measured as less than 5% at 662 keV. The 

detection of neutrons was achieved via 6Li(n,)t reaction. The sensor's signal communication and 

data fusion was programmed using Robot Operating System framework, as well as on-board signal 

analysis functions including the neutron-photon pulse shape discrimination and the identification 

of photo peaks in the gamma spectrum. These data with added real time kinematic GPS and time 

stamps were reported to the user enabling real time awareness of the monitored area, further 

analysis in temporal and spatial domains, and also radiation mapping and source search tasks. 
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1. Introduction 

Evaluation of radiological contamination in hazardous zones that may be hard to reach is 

important for environmental security and radiation safety missions. Sources of ionizing radiation can 

be displaced or lost [1,2] causing the dose delivered to public and workers. Radioactive isotopes can 

be released into the environment as a result of accidents at nuclear facilities or natural disasters that 

affect the critical infrastructure such as spent fuel and reactor installations. The accident at Fukushima 

Daiichi nuclear power plant that followed the earthquakes and tsunami caused radiological 

contamination of this facility and neighboring zones, including the ocean water [3]. The use of 

monitoring robots equipped with the radiation sensing and navigation means allows inspecting these 

zones remotely, including wide areas, hence decreasing the operator’s radiation exposure risks.  

Unmanned aerial systems (UAS) can be utilized as mobile robotic platforms to carry photon and 

neutron sensors for measurements in the field [4,5]. The UAS enables dynamic tracking of the 

measured radiation flux. This data can be used for radiation contamination analysis in space and 

time, e.g. for mapping of unsafe zones [6]. Cooperative sensing can be achieved using several UAS: 

such as mapping of the borders of a contaminated zone or localization of lost sources. In order to 

make these applications possible, radiation sensors and supporting components should be integrated 

into the robotic system taking into account the available power. For the use of sensor-equipped UAS 

in the field, it is desirable to design the ‘plug and fly’ option of hot plugging and unplugging of the 

sensors into a platform [7]. Moreover, limited data transmission capabilities of the UAS should be 

addressed in the sensor design – the analysis of measured signals should be automatically completed 

onboard extracting the important information only to decrease the size of data packages that are 

transmitted from the aerial system to a ground station or to other drones.  
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In remote sensing, gamma and neutron radiation is of interest. Typically, separate sensors were 

employed for detection and quantification of these two radiation types. Simultaneous detection of 

photons and neutrons by a single sensor is required in order to decrease the size, weight, and power 

of the UAS based sensor’s package. Such dual mode detectors were studied for neutron-photon 

imaging systems, for example [8]. To address this need, a Cs2LiYCl6:Ce3+ (CLYC) sensor was designed 

for neutron detection and photon spectroscopy. The CLYC scintillator can function in ambient 

temperature settings without cryogenic cooling which is important for deployment in the field. The 

sensor was integrated into an UAS platform.  

2. Materials and Methods 

2.1. UAS Platform  

The octocopter kit DJI-S1000 [9] was used as the UAS platform frame for this project (see Figure 

1). The octocopter has a diagonal wheelbase of 104.5 cm, 38.6 cm long frame arms, and 38 cm diameter 

propellers. Eight 4114 400 KV electric motors were mounted on each arm of the octocopter’s frame. 

The UAS weight is 4.4 kg. The platform allows to attach a 6.8 kg payload. With the 8000 mAh 6S 

lithium battery, the fully loaded UAS can fly 15 minutes. Its landing gear can be raised in flight. It 

contains several onboard sensors and devices.  

 
(a) 

 
(b) 

Figure 1. DJI-S1000 octocopter: (a) 3D rendering of UAS frame with the attached payload; (b) a view 

of the aerial robotic platform. 

The octocopter can be controlled by an operator by means of an RC control or a ground station 

computer with a graphical user interface (GUI) that enables executing the UAS applications. 

Commands generated by the ground station computer’s GUI are enacted on the platform’s onboard 

Linux minicomputer (the Odroid model) that runs Robot Operating System (ROS) [10]. ROS is a 

framework for robotic applications. It includes libraries and tools consisting of a number of nodes 

communicating with each other using a publishing or subscribing messaging model. The Odroid 

serves as the UAS’s central data hub and controls the dual mode radiation sensor, a gas sensor, a 

Hokuyo Lidar, and a 3DR radio transceiver. It is also connected to the Pixhawk 2.1 flight controller 

that incorporates the isolated and dampened components - a flight management unit and an inertial 

measurement unit with a built-in heating system and robust connectors that help to resist shocks and 

diminish the noise. Low-level flight control is executed by the Pixhawk.  

Reference velocities data can be sent through the Odroid; the position feedback data can be 

supplied by a GPS or the PX4 Flow (a combined optic flow and sonar sensor) and may be used where 

GPS data is unavailable, i.e. in indoor missions. The Lidar sensor enables obstacle avoidance methods 

during the autonomous operation. The radiation data streamed by the CLYC sensor was time 

stamped and fused with the UAS’s position data based on the real time kinematic (RTK) GPS 

positioning technology. The RTK GPS is a navigation technique that enhances the precision of 
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position data derived from satellite-based positioning systems. It is based on measurements of the 

phase of the signal’s carrier wave using a single reference station to provide the real time corrections 

[11]. The base station with known coordinates has a fixed Swift Duro GPS Receiver. The aerial 

platform carries a Piksi Multi GPS receiver and L1L2 antenna. Correction data for ionosphere error 

calculations was transmitted to the GPS Receiver of the UAS platform from the base station.  

2.2. CLYC Radiation Sensor  

A dual mode CLYC sensor is based on a bright elpasolite scintillator (3.31 g/cm3 density) that 

allows for simultaneous neutron and photon sensing by a single detector cell. Depending on the 

lithium isotopic composition of CLYC, it can be used as a thermal neutron sensor via 6Li(n,)t reaction 

(thermal-neutron’s signature at the 3-MeV gamma equivalent energy region) or as a fast neutron 

sensor via 35Cl(n,p)35S reaction with Q value of 615 keV, or both. In the (n,p) reaction case, the emitted 

proton’s energy equals to 615 keV plus the incident neutron’s energy: hence, the neutron energy can 

be gathered from the measured full energy proton peak value.  

As other elpasolite scintillators, CLYC is capable of a gamma-ray spectroscopy [12]. The CLYC 

gamma-ray energy resolution is less than 5% at 662 keV. The CLYC’s scintillation yield is 2104 

photons per 1-MeV gamma ray absorbed, and 7104 photons per the absorbed neutron. The 

wavelength of scintillation light produced by the CLYC spreads from 275 nm to 450 nm with the peak 

that is centered at 370 nm. Its refractive index is 1.8 at 405 nm. The process of scintillation in the CLYC 

volume has distinct decay components: core-to-valence luminescence (CVL, 250 nm - 350 nm 

wavelength range, 2-ns decay time constant), Ce3+ prompt emission (350 nm - 450 nm range; 50-ns 

decay constant), and cerium self-trapped excitation (Ce-STE, 1-s decay constant). The last decay 

component is due to the neutron induced reaction. The first two components are due to photon 

induced processes in the CLYC. Decay time differences allow for a neutron-photon pulse shape 

discrimination (PSD) [13].  

The dual mode sensor package was designed using a 2.54 cm diameter, 2.54 cm long cylindrical 

CLYC cell. It was equipped with a super bialkali photomultiplier tube (rated for CLYC’s scintillation 

wavelengths) and a high voltage generator. A miniature emorpho digitizer connected through the 

USB cable to the Odroid was utilized for processing of sensor’s signals. The sensor’s scheme and the 

assembled sensor are shown in Figure 2(a) and Figure 2(b). The components of the sensor were 

packaged in a plastic housing designed to be easily attached to the robotic platform. The typical 

waveforms of digitized neutron and gamma induced signals in the CLYC cell are presented in Figure 

3. These waveforms were analyzed providing three values recorded in a list mode: (1) a signal’s 

starting time, (2) an integral calculated under the whole waveform that is proportional to the energy 

of absorbed radiation, and (3) an integral calculated under the front part of the waveform. These list 

mode data were used for the PSD analysis. The radiation identification (ID) value was evaluated for 

each waveform as a ratio of the areas under its tail part and front part; it was used to segregate 

waveforms into two groups: neutron events and photon events. Neutron waveforms have longer tails 

that the gamma-ray waveforms, thus producing greater ID values.  

 
(a) 

 
(b) 

Figure 2. (a) Scheme of the dual mode CLYC sensor; (b) The assembled sensor’s package. 
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Figure 3. CLYC’s neutron and gamma-ray waveforms. 

3. Results and Discussion 

3.1. Sensor Integration into a Robotic Platform  

The ‘plug and fly’ method was used for the sensor integration into the aerial robotic platform. It 

enables ‘hot plugging’ and ‘hot unplugging’ of the CLYC sensor into the USB interface of UAS. When 

the CLYC sensor is plugged in and powered on, the operating system (OS) identifies its type. Then 

OS installs a sensor’s driver, starts the measurement, processes and analyzes the measured data, and 

publishes it. The scheme of plug and fly sensor operation within ROS is shown in Figure 4(a). The 

CLYC sensor was tested in the plug and fly mode using ROS. Figure 4(b) illustrates the driver 

processes and sensor’s data stream including the time and RTK GPS data fused with the sensor’s 

readings. The RTK GPS system enables raw data measurement rates up to 20 Hz, and RTK position 

outputs up to 10 Hz. The measured RTK GPS positioning accuracy was within 2 cm.  

3.2. Dual Mode Radiation Measurements 

The diagram of CLYC’s neutron-photon PSD measurements using a PuBe (,n) source is shown 

in Figure 5(a). The points representing neutron induced reactions are centered around the 3 MeVee 

(electron equivalents). This diagram shows excellent segregation of neutron and photon waveforms. 

A figure of merit (FOM) of PSD [14] for CLYC was measured using a plot of sensor’s counts versus 

radiation ID values: the peak separation was divided by the sum of full widths at a half maximum 

(FWHM) of neutron and photon peaks resulting in a value of 2.3. This PSD algorithm was 

programmed as a function within ROS using C language. The photon induced signals were 

segregated from neutron signals through the PSD analysis and used to plot a gamma-ray energy 

spectrum.  
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(b) 

Figure 4. (a) Scheme of the ‘plug and fly’ operation of the CLYC sensor; (b) Driver processes and 

sensor’s data stream. 

The measured FWHM photon energy resolution of the sensor is ~5% at 662 keV, 3.6% at 1173 

keV and 3.3% at 1332 keV. of photons emitted by a 137Cs source measured using the CLYC sensor is 

shown in Figure 5(b). In order to determine the peaks, their centroids and intensities for further 

identification and quantification of gamma emitters, the spectrum should be automatically processed 

using spectral analysis algorithms [15,16]. Taking into account the limitations of the onboard Odroid 

computer, a peak analysis algorithm based on the Mariscotti method [17] was programmed as a 

function within ROS.  

 
(a) 

 
(b) 

Figure 5. (a) Neutron-photon PSD diagram of the CLYC sensor measurements in a mixed radiation 

flux using a PuBe source; (b) Photon spectrum recorded by the dual mode sensor using a 137Cs gamma 

ray source. 

4. Conclusion 

The Cs2LiYCl6:Ce3+ dual mode radiation sensor was designed for the use with unmanned aerial 

systems. This sensor can be utilized for simultaneous measurements of neutrons and gamma rays 

with an effective pulse shape discrimination of two radiations with the figure of merit of 2.3. The 

separated photon data enable gamma spectroscopy with energy resolution less than 5% at 662 keV. 

Sensor was integrated onto the UAS as a ‘plug and fly’ package using Robot Operating System 

allowing a user-friendly application in the field settings. Data analysis and fusion functions were 

programmed within ROS. The time stamped sensor’s data were merged with the RTK GPS 

information.  
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