
 

Abstract—Obtaining directional information is required in 

many applications such as nuclear homeland security, 

contamination mapping after a nuclear incident and 

radiological events, or during the decontamination work. 

However, many directional radiation detectors are based on 

directional shielding, made of lead or tungsten collimators, 

introducing two main drawbacks. The first is the size and 

weight, making those detectors too heavy and irrelevant for 

utilization in handheld devices, drone mapping, or space 

applications. The second drawback is the limited field of 

view, which requires multiple detectors to cover the whole 

required field of view or machinery to rotate the narrow field 

of view detector. We propose a novel 4π directional detector 

based on a segmented hollow cubic detector, which uses the 

Compton effect interactions with no heavy collimators.  The 

symmetrical cubical design provides both higher efficiency 

and 4π detection ability. Instead of traditional two types of 

detectors (scatterer and absorber) structure, we use the same 

type of detector, based on GAGG(Ce) scintillator coupled to 

silicon photomultiplier. Additional advantage of the 

proposed detector obtained by locating the photon sensors 

inside the detector, behind the scintillators, which improves 

the radiation hardness required for space applications. 

Furthermore, such arrangement flattens the temperature 

variation across the detector, providing better gain stability.  

The main advantage of the proposed detector is the ability of 

4pi radiation detection for high energy gamma-rays without 

the use of heavy collimators. 

 
Keywords — Silicon photomultiplier (SiPM), Compton 

scattering, directional detector, scintillator. 

 

I. INTRODUCTION 

ETECTION of gamma ray sources is a challenging task in 

many applications, where monitoring and mapping of 

radiological and nuclear materials is required. Obtaining 

directional information is required for nuclear homeland 

security (HLS) and safety [1], where directional indication 

decreases source localization time by a factor of 2 to 10 [2]. 

Moreover, directional information is required for mapping of 

post-accident decontamination of nuclear incident such as 

Fukushima Daiichi and other radiological events [3[4]. 

Many directional radiation detectors are based on directional 

shielding [5[6] or coded mask [7] made of lead or tungsten 

collimators. Such concepts introduce three main drawbacks. 

The first is the size and weight that make those detectors too 

heavy and irrelevant for utilization in HLS handheld devices, 

drone mapping, or space applications. The second drawback is 

the small Field Of View (FOV). Proposed solutions that require 

multiple detectors to cover all the required FOV or machinery 

to rotate the limited FOV detector [8[9] increase size and weight 

even further. The third is the loss of events interacted in the 

collimator, which leads to lower of efficiency. 

An efficient approach might be using mutual collimation 

detectors. As demonstrated by [10], 7 cylindrical 2” BGO 

scintillators provide sufficient shielding for high energies 

required for post-nuclear accident, such as 662 keV emitted by 
137Cs. Furthermore, [11] used the minimal possible three mutual 

collimated scintillates to provide directional information in two 

axes (horizontal). Opposite approach [12] used 90 to 340 

CsI(Tl) scintillators in random and mutually shielding 3D 

structure to obtain 4π directional detection. However, the 

efficiency drops significantly with increasing energy, 

practically limiting the directional efficiency up to about 100 

keV, which is insufficient for most post-nuclear accident 

isotopes. A different approach employs a 3D position-sensitive 

CZT Compton-based detector [13]. Such a CZT detector is 

successfully used for imaging, but the total efficiency is very 

low due to the small volume of about 2 cm3. 

 
Fig. 1.  The 4π directional radiation detector configuration is based on a hollow 

cubical structure with a segmented outer shell. Each segment made of GAGG 

scintillator. The whole detector size is 50 mm X 50 mm X 50 mm. 
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II. MEASUREMENT PRINCIPLE 

 We propose a novel 4π directional radiation detector based 

on Compton effect interactions. The basic segmented structure 

constructed of sub-detectors on a surface of a hollow cube is 

shown in Fig. 1. For lower energies, the photoelectric effect is 

dominant, and the approach of mutual shielding is preferred. At 

higher energies, instead of using various shielding methods for 

directional information, we make use of the Compton scattering 

events, see Fig. 2. Such events provide directional information 

in the form of scattered angle 𝜗 as defined in (1). 

 
Fig. 2.  Compton scattering of a gamma-ray photon and a recoil electron. The 
incident photon energy E0, the electron energy E1, and the angle ϑ dependence 

are defined by (1), scattered photon energy E2 is not relevant. 

  𝐸1 =
𝐸0

1+
ℎ𝑣

𝑚0𝑐2(1−𝑐𝑜𝑠𝜗)
  .                                 (1) 

Where, 𝑚0𝑐2 is the electron rest energy, E1 is the recoiled 

electron energy, and E0 is the initial gamma photon energy, 

which is known for predefined isotopes. Measuring the 

scattered photon interaction location is required to establish the 

direction vector, see the dashed line in Fig. 3, which, in turn, is 

necessary to measure the angle 𝜗. Therefore, events with two 

or more interactions within the detector are required, see Fig. 3.  

 
Fig. 3.  Compton events with at least two simultaneous interactions within the 

detector. The conic probabilities define ellipses on a plane. The red dot in the 

intersection of those ellipses represents the radioactive source location. 

For such interactions, when both the first Compton interaction, 

creating recoiled electron energy of energy E1, and the second 

scattered gamma interaction locations were measured, the 

directional information embedded in the scattered angle 𝜗 is 

given by (2): 

𝑐𝑜𝑠(𝜗) = 1 −  𝑚0𝑐2 (
1

𝐸0−𝐸1
−

1

𝐸0
) .                      (2) 

When the isotope type is unknown, the scattered gamma energy 

must be measured in the absorber as well [14]. Equation (3) 

rearranges (2), so the missing isotope energy E0 is replaced with 

the scattered photon energy E2. 

𝑐𝑜𝑠(𝜗) = 1 −  𝑚0𝑐2 (
1

𝐸2
−

1

𝐸1+𝐸2
).                  (3) 

Based on the interaction’s locations of Compton-pairs 

events, we can back-project a probability cone of source 

locations. A series of events, generated by GAMOS software 

[15], was used to calculate a series of cones. These cones have 

one intersection point, which is the radioactive source location. 

Several algorithms were developed to overcome the 

uncertainties, noisy measurements, and limited resolution to 

converge the measured events into a single point source. The 

Maximum Likelihood Expectation Minimization ML-EM [16], 

provided the best results at this work. 

A. Material Selection 

A standard Compton camera is designed to have two types of 

materials. The scatterer material, which is selected for the first 

interaction, is a high energy-resolution detector with a low 

atomic number material, such as 14Si. Low atomic number 

decreases the photoelectric effect and maximizes the Compton 

effect probability. On the contrary, the absorber is selected to 

have maximal detection efficiency, without energy resolution 

requirements when using (2), such as BGO or LSO [17], or with 

energy resolution abilities when using (3) such as CdTe or CZT 

[18]. Maximal detection efficiency is achieved at high atomic 

number materials, which is opposite to the previously described 

qualities for the absorber. Nevertheless, we designed a 

symmetrical structure to provide a 4π FOV; thus, we use the 

same material for both the absorber and the scatterer. Therefore, 

there is an inherent disagreement between some of the 

scintillation-materials properties requirements. Semiconductor 

materials such as Si or CZT, similarly, are not suitable for both 

types of detectors, due to the high noise at high temperatures of 

50°C [19] required HLS applications. 

Scintillators with low intrinsic radiation are preferable, since 

when such intrinsic gamma ray event occurs at the same 

measurement time-window with an external gamma event, they 

are erroneously considered as a Compton-pair.  

The decay time property has a somewhat similar influence as 

intrinsic radiation. Longer decay times require a longer 

coincidence window, causing a higher probability to measure a 

false pair event. Scintillator energetic resolution has a direct 

influence on the measurement uncertainty of 𝜗, as calculated in 

[20], see (4). Hence, higher energy-resolution is advantageous 

for higher angular resolutions.  

𝜎(𝜗) = 𝜎(𝐸1) ∙
𝑚0𝑐2

𝑠𝑖𝑛(𝜗) ∙ (𝐸0−𝐸1)2 .                 (4) 

Scintillators in Table I with less than 4% FWHM resolution 

(LaBr3, SrI2, and CeBr3) are both hygroscopic and have intrinsic 

radiation, which makes them unsuitable. Scintillators with 

higher density, above 7 g/cm3 (BGO and CdWO4), provide 

lower resolution, about 10%. Considering all the scintillation 

properties and their influence on the performance with the 

considered scintillators in Table I, only the GAGG(Ce) 

scintillator provides fast decay time, high density, good FWHM 

resolution, and has no hygroscopic or intrinsic radiation 

deficiencies. The main drawback of the GAGG scintillator is 

that its maximal wavelength light yield, peaking at 530 nm, is 

not compatible with the selected photon sensor, the Silicon 

Photo Multiplier (SiPM) discussed in the next chapter. The 

SiPM maximal quantum efficiency occurs at 420 nm. 
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TABLE I 
SCINTILLATION CRYSTALS PROPERTIES  

Scintillator CsI(Tl) Na(Tl) GAGG(Ce) BGO CeBr3 LaBr3 SrI2(Eu) CdWO4 

Light yield (Photons / MeV) 54000 38000 57000 8000 60000 63000 11500 15000b 

Resolution FWHM (%) 5.7a - 7.1c 6.8a - 8.7c 6.6a – 10.5d 9.5c – 12h 4.1e - 4.4a 2.9a - 5.3c 3.1g – 4.4f 8.5a – 15.6c 

Hygroscopic Slightly Yes No No Yes Yes Yes No 
Density (g/cm3) 4.51 3.67 6.63 7.13 5.1 5.2 4.6 7.9 

Effective atomic number 54 50 54/51 fur 72 46 45 50 64 

Average time constant (ns) 1000 250 90 300 20 25 1500 13000 
Peak emission (nm) 550 415 530 480 380 380 435 480 

Intrinsic radiation No No No No Slightly Yes Slightly No 

The relevant material properties of selected scintillators. a – Measured in [21] with a Hamamatsu R6231-100 PMT; b – by [22] with PMT; c – by [23] with a 

Hamamatsu S11827-3344MG MPPC or XP 2020Q PMT; d – by [24] with a SensL MicoFC SiPM; e – by [25] with Hamamatsu R6231 PMT; f – by [26] with a 
Hamamatsu TSV MPPC S12642-0404A-50; g – by [27] with a Hamamatsu R6231-100HA PMT; h – by [28] with a SensL MicroFC-30035-SMT SiPM. 

 

Such emission to absorption incompatibility lowers the 

number of measured photons and consequently decreases the 

measured resolution. 

B. Photon Sensor Selection 

Scintillation photons can be measured and amplified by a 

few types of photon sensors. The prime mandatory 

requirement for the segmented detector is compactness. 

Photomultiplier Tubes (PMT) are well based technology, 

with good noise performance at the required high 

temperatures but large and cumbersome, making the PMTs 

not suitable to be coupled to each of the small sub-detectors. 

The PIN diode and the Avalanche Photodiode (APD) are 

compact but undergo noise and gain degradation reaching 

50°C [29]. The Silicon Photomultiplier (SiPM) is a compact 

sensor with good tiling ability that enables utilization of 

multiple sensors in proximity, without significant dead space 

between them. Furthermore, while the noise degradation 

with temperature is exponential, at 50°C, noise levels are 

acceptable, degrading resolution by a factor of two, as 

measured with CsI(Tl) and  ArrayJ-600035-64P SiPM [30]. 

The desired requirements for the light sensor include 

microphonic insensitivity. Sensors such as PIN diode that 

have no intrinsic gain are classically amplified by charge-

sensitive amplifiers. These amplifiers are sensitive to 

microphonic and piezoelectric noise. The SiPM provides a 

gain of millions of electrons for each measured photon. Such 

a high gain at the first stage is beneficial from electronic 

measurement SNR considerations and enables simpler and 

lower electronic amplification in the next stages. The bias 

voltage is only a few tens of volts instead of a few hundred 

volts for APDs and up to a few thousands of volts for PMTs. 

SiPMs are insensitive to electromagnetic interference [31, 

[32], which is an additional advantage over the classical 

PMT.  

Nevertheless, there are three significant drawbacks of the 

SiPM technology that needs to be addressed. First, the 

radiation hardness of SiPMs is lower than PMTs, and they 

undergo a severe degradation in space, after a few years of 

operation at the international space station [33]. The other 

two drawbacks are gain variation with bias voltage and with 

temperature. 

Bias variation requires stable and accurate voltage supply, 

with less than a few tens of mV variation over a few tens of 

volts bias voltage.  Temperature-dependent gain stability can 

be achieved by stabilizing the temperature, which is not 

applicable for low power or handheld devices. A more 

practical approach is measuring the temperature T and 

correcting the bias voltage, VB, according to (5,6). 

𝑉𝐵 = 𝑉𝐵𝑅(𝑇) + 𝑉𝑂𝑉  ,              (5) 

𝑉𝐵𝑅(𝑇) = 𝑉𝐵𝑅(𝑇0) + 𝛽 ∙ (𝑇 − 𝑇0) ,              (6) 

Where VBR is the temperature-dependent breakdown voltage, 

T0 is a reference temperature, 𝛽 is the temperature 

coefficient, and VOV is the overvoltage. Since the gain of 

SiPM is VOV dependent, measuring T and keeping VOV = VB 

- VBR (T) constant will stabilize the gain.  

C. Geometrical Considerations 

To achieve a high geometrical resolution of radioactive 

source location, accuracy of scattered angle ϑ and the 

established directional vector is required. The scattered angle 

is primarily depended on the energy-resolution of the 

detector. The accuracy of the established directional vector, 

as defined by the dashed line in Fig. 3, requires high 

definition of the difference between the integration locations. 

Consequently, small detection segments and large distance 

between the first and the second interactions is desirable. 

Classically, this can be achieved by setting a few thin, low 

atomic number, pixelated scattering detectors in a distance 

from a high atomic number absorber, obtaining a high 

resolution in a narrow FOV [18] in one direction of the 

vector. 

We propose using the same material for both the absorber 

and the scatterer to enable detection at both directions of the 

directional vector. A symmetrical cubic structure is formed 

by using three opposing pairs, providing a 4π FOV 

directional detector. Furthermore, there is no requirement for 

the first and second events to occur in opposite pairs. 

Including the other four cube plains substantially increases 

the total detector efficiency. 

The sub-detectors are located at the outer shell to obtain 

the maximal distance between interactions, producing a 

hollow cubical structure with a segmented scintillator surface 

(see Fig. 1). The whole detector size is 50 mm X 50 mm X 

50 mm. Each sub-detector is made of GAGG(Ce) scintillator 

coupled to an SiPM photon sensor. Each of the SiPMs needs 

to be measured thus requires multi-channel electronics 

[34,[35]. The results in this work are for a cube of 103 size 
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requiring 488 of possible 512 channels. 

The detector can be encapsulated with a rigid aluminum 

structure for the Compton scattering energy range without 

significant influence on the interaction efficiency. On the 

other hand, for the lower energies, where the photoelectric 

effect is predominant, adding structural material lowers the 

efficiency significantly. Using hygroscopic scintillators, 

especially for low-pressure space applications, would create 

additional encapsulation demands. These will reduce the 

efficiency even further. Hence, as mentioned before, they are 

not considered feasible for the proposed detector. 

Furthermore, for the lower energy range used in 

directional radiation detectors, even thin PCBs are of much 

consideration for loss of efficiency [12]. The proposed 

hollow cube configuration’s outer layer is rigid by itself, 

made of GAGG scintillators, so there is no need for 

additional significant structure. The PCBs and the SiPM 

sensors are located inside the cube volume, so there is no 

shielding at the front of the scintillators.  

Furthermore, positioning the SiPMs inside the detector 

provides a significant gain stability advantage. Since SiPM 

gain is temperature-dependent, the temperature is measured, 

and the bias voltage is adjusted according to (5) for gain 

stability. 

An additional advantage achieved by locating the SiPMs 

inside is enhanced radiation hardness. As stated in the 

properties of the photon sensors in Table I and demonstrated 

in [33[36] when irradiated, SiPMs experience a large 

increase in dark current, increasing power consumption and 

noise, limiting the detection of low energy events. Hence, 

shielding the SiPMs from external radiation with a dense 

scintillator could provide prolonged lifetime of the detector. 

III. RESULTS 

The presented results are for the 103, cube size, using a 

GAGG(Ce) based 5mm X 5mm X 5mm sub-detectors with 

7% FWHM energy resolution. Results of one side projection 

are shown on the right side of Fig. 4 (colored estimated 

distribution on the black background). The detector is located 

at the origin (blue), with the directional vectors (green) 

shown inside the detector. The red arrow represents the 

location and direction of the estimated radioactive source. 

The performance of the proposed detector was evaluated 

for the 662 keV of the 137Cs isotope. The final estimation is 

based on five iterations of ML-EM, reaching an estimation 

accuracy of 𝜎(𝜗) = 2°.  

IV. CONCLUSIONS 

This work presents a novel 4π directional radiation 

detector. We designed a detector based on a Compton 

scattering effect as a hollow cube-shaped segmented 

scintillator. We have demonstrated that without using 

collimators, a 4π directional detection of high-energy 

isotopes is feasible. Typically, directional detection for 

nuclear incidents requires not only high gamma energy 

measurement capability, but also composed of a few 

radioactive sources.  

 

Fig. 4.  Estimation of 662 keV 137Cs isotope. The detector located at the 
origin (blue), with the directional vectors (green) shown inside the detector. 

The red arrow represents the location and direction of the estimated 

radioactive source. Colored estimation distribution is shown on the black 

background. 

While using the same type of scintillators for both the 

absorber and the scatterer detectors is not optimal, such an 

approach enables us to double the measurable field of view. 

Moreover, the selected GAGG scintillator is sufficient to 

obtain a high directional accuracy of about 2°. 

Utilizing any one of the six cube planes as scatterer 

detector, while using the other five as absorbers, provides 4π 

FOV and increases the efficiency, since more Compton pairs 

are available in comparison to the conventional two planes 

design (one scatterer and one absorber), which limits the 

direction of arrival of photons.  

The GAGG(Ce) scintillator coupled to an SiPM photon 

sensor as a sub-detector segment provides the most suitable 

overall properties for the proposed hollow cube 

configuration detector. 

Hollow cube configuration with the SiPMs located inside 

provides the ability to stabilize the temperature and thus 

stabilize the gain while protecting the delicate photon sensors 

from radiation, providing an extended lifetime. 
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