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ABSTRACT 

Among garnet based scintillators, Ce doped GGAG:Ce (Gadolinium Gallium Aluminium 

Garnet) scintillator proved to be a promising candidate for charged particle detection due to its high 

light yield and fast decay time combined with its non-hygroscopic nature. In the present thesis work, 

extensive studies were made on the pulse shape discrimination (PSD) properties of GGAG:Ce single 

crystals and on improving its PSD ability with co-doping and with phoswich combination. Owing 

to its high effective Z (55) and high density (6.7 g/cm3), the present work also highlights GGAG:Ce 

as a strong contender for gamma spectroscopy where detection efficiency is of paramount 

importance. 

The work starts with making a comparison of PSD abilities of GGAG:Ce,B and CsI:Tl 

scintillator coupled to PMT and SiPM. The studies were made employing digital charge integration 

and analog zero-crossing technique. The studies have shown that GGAG:Ce,B coupled to a PMT 

and CsI:Tl coupled to SiPM have shown better PSD abilities. For the first time, the opposite 

behavior of scintillation decay times corresponding to alpha and gamma radiations for GGAG:Ce 

and CsI:Tl scintillators has been reported.  

The detailed realistic Monte Carlo simulations of absolute efficiencies (both total detection and 

photo-peak) for gamma rays up to energy of 5 MeV and for different values of source-to-detector 

separation have clearly suggested that the efficiency of GGAG:Ce scintillator is highest in 

comparison with LaBr3:Ce, NaI:Tl, CsI:Tl, BaF2 and SrI2:Eu. The simulations have shown that the 

percentage difference in TDE of GGAG:Ce and NaI:Tl for 662 keV is 40%. Whereas, the percentage 

difference in PE of GGAG:Ce and NaI:Tl for 662 keV is 61%. The simulations wer4 validated by 

making experimental measurements. Simulated and measured efficiency values of GGAG:Ce 

scintillator having dimensions 18 mm × 18 mm × 10 mm and 25.4 mm ×10 mm for different values 

of source-to-detector separation are in good agreement. 

A study on the effect of co-dopants on the scintillation properties of GGAG:Ce single crystals 

by investigating their PSD abilities is carried out. B co-doped crystals exhibited the highest PSD 

while those with Ca co-doping showed no discrimination in spite of having significant effect on the 

scintillation kinetics and a strong quenching of the light yield by alpha radiations that resulted in a 

minimum α/γ ratio. A new approach of optically stimulated luminescence (OSL) is used to correlate PSD 
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properties with the defect structure of GGAG:Ce single crystal. OSL studies with infrared, blue and 

green light provided an insight into the role of defect centers in the relaxation mechanism of the 

scintillation kinetics of GGAG:Ce crystals which subsequently affects their ability of discriminating 

different kinds of radiation. 

A novel design of phoswich detector is proposed for the discrimination of various types of 

nuclear radiation such as protons, heavy ions, neutrons and gamma rays. Its novelty lies in the use 

of two non-hygroscopic scintillators having similar light yield, peak emission wavelength and 

refractive index. Due to their different scintillation decay times and opposite behavior for alpha and 

gamma radiations, an increment of 100% in FOM is found compared to that observed for any other 

individual crystal. 
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CHAPTER 1 

Introduction 

_____________________________________________________________ 

This chapter discusses the need for carrying out the PSD ability and efficiency of GGAG:Ce 

scintillator. 
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1.1 Background  

Through the years, radiation detectors have led to the important discoveries and inventions in 

the field of science [1-6]. They have either triggered the research development further or provided 

it a new direction. The Sidot’s blende or crystalline zinc sulphide was the key element in the 

discovery of radioactivity by Nobel Prize awardee, Henri Becquerel [7]. The revolution in the 

medical industry was brought by the X-rays whose existence became known to W. Roentgen by a 

fluorescent screen painted with barium platinocyanide [8]. Sir William Crookes developed an 

apparatus named “spinthariscope” (see Figure 1.1), consisting of ZnS screen for counting light 

flashes [9,10]. Rutherford used the very same instrument in the historic alpha particle scattering 

experiment leading to the discovery of the atomic nucleus [11-13]. The phosphorescent barium 

platinocyanide and ZnS were the scintillation materials used to detect X-rays, gamma rays, alpha 

particles in the above mentioned discoveries. Scintillators fall under the category of radiation 

detectors. The advances made in the radiation detectors since 19th century has been so astounding 

that it can be compared with the advancement of the modern computer from the abacus.  

 

Figure 1.1 The Spinthariscope. 

A radiation detector consists of two components: the detector material and the electronics that 

provide us the signal, which is later interpreted and processed to extract information [14]. The photo 

sensors are the associated electronic instruments which has also undergone metamorphosis with the 

detector material. From bulky photomultiplier tubes to compact semiconductor diodes such as p-i-

n diodes, avalanche photomultiplier diodes (APD) and the latest are silicon photomultipliers (SiPM) 
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[15]. There is more to the radiation detectors than just informing us about the presence of radiation. 

They provide information on the energy, amount, type and position of incident radiation. In today’s 

world, radiation detectors have wide applications in scientific research areas and industries of high 

energy physics, radiochemistry, nuclear physics, astrophysics, geophysics, medical industry, 

national security, oil and well logging industry, food industry, space exploration and so on [16-22]. 

Radiation detectors are used in these applications because they utilize X-rays, electrons, protons, 

neutrons or ion beams for the characterization, analysis and diagnostic purposes. For example, in 

medical imaging high resolution measurement of spatial distribution and depth of interaction (DOI) 

is important. While in national security, efficient detection of gamma rays and neutrons from keV 

to MeV range of energies is of our primary concern [23].    

1.2 Scintillators 

There are different types of radiation detectors such as gas filled ionization detectors, 

scintillation detectors, semiconductor detectors, etc. Among these, scintillators are the most widely 

used class of radiation detectors owing to their capabilities and versatility in wide range of 

applications. Scintillator is an inorganic or organic material whereby the absorption of energy from 

nuclear radiation (e.g., α particles, β particles, heavy ions, X-rays or γ-rays) results in the emission 

of visible light [24,25]. An ideal scintillator material should possess the following properties 

[19,21]:  

 high detection efficiency 

 proportional light response  

 low cost 

 chemical stability 

 resistance to thermal and mechanical shock 

 high-count rate capability 

 good timing resolution  

 good energy resolution 

 emission wavelength suitable to photo sensor 

 radiation hardness  

 good light transmission from scintillator to photodetector  

No material meets all criteria, and the choice of a particular scintillator is always a compromise 

among these factors [26].  
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The most widely used scintillators are the inorganic crystals due to their greater stopping power 

owing to high density and effective atomic number i.e. greater ability to absorb energy of impinging 

radiation [27]. The development of PMT in 1940s and the discovery of thallium activated NaI 

scintillator in 1950s by Hofstadter began the period of inorganic single crystals reign in radiation 

detectors [28]. In next few years, scintillation properties of different alkali halides with various 

activator combinations were investigated [29]. Ceramics and glass scintillators have also emerged 

capable of radiation detection [30]. However, scintillators in single crystal form offer numerous 

advantages compared to gas, liquid and semiconductors based detectors [31]. The brief introduction 

of single crystals has been discussed as follows. 

1.3 Single crystals 

A single crystal or monocrystalline solid is a material in which the crystal lattice of the entire 

sample is continuous and unbroken to the edges of the sample, with no grain boundaries [32]. They 

are compact in size, have high detection efficiencies and are transparent to the emitted light for 

maximum light collection. They have no grain boundary and their ordered formation state reduces 

scattering of light inside the crystal. They can be doped with apt activators for various applications 

[33]. Radiation hardness, reproducibility and reliability of results make them the most sought after 

form of scintillator materials. They are the most significant field of material science engineering 

which involves the controlled phase transformation from fluid to solid crystalline phase. The 

processing of the grown single crystal is done as per the requirement by optimizing various 

parameters during the single crystal growth. The new single crystals evolution started back with the 

invention of the solid state transistor in 1948. In order to assess the device properties, many new 

crystals have been grown and fabricated since 1948. The application of semiconductors based 

electronics have created an enormous demand for single crystals of high quality and purity for 

semiconductor, ferroelectric, piezoelectric, oxide etc. The growth of single crystal needs multi-

disciplinary research and requires material scientists, engineers, chemists and physicists to work 

hand in hand to develop the technology 34. Since 18th century, we were aware of the experimental 

fundamental aspects of the crystal growth; however the actual advancement in this field started after 

the development of thermodynamics by the end of 19th century and with the progress in nucleation 

and crystal growth theories [35]. The methods for growing crystals are mainly governed by the 

properties such as expansion, conductivity, viscosity, chemical stability and requirement of 

composition, size and quality [32,35].  
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The single crystals can be grown from solution, melt or vapours [36]. The various methods 

used for the growth of single crystals according to their percentage use have been shown in the 

Figure 1.2 37,38. 

 

Figure 1.2 A pie chart showing percentage of crystals grown using various methods [37,38].  

The growth of single crystals from melts is the most popular method to grow large size single 

crystals. Melt growth techniques accounts for about 80% of the single crystal growth taking place 

commercially and industrially worldwide [39]. Melt techniques offer control over parameters such 

as ambient, convection, temperature gradient and orientation during growth. Ideally all the crystals 

can be grown from their melts if they can melt congruently and do not undergo phase transition 

during melting. The majority of single crystal scintillators are grown from melt using the 

Czochralski or Bridgman techniques because of the fast growth rate, control over nucleation and 

cost-effectiveness. These techniques were employed to grow crystals used in the thesis work, 

therefore, they have been discussed in detail in the next chapter [32-35]. A steady growth has 

appeared in the discovery of new scintillator materials with the advancement in technology and 

material science engineering. Concurrently, the use of synchrotron radiation and laser technology 

has further helped us to understand the complexities of defect formations, excitons, electron-phonon 

relaxation and various processes involved in scintillation [40].  

1.4 Scintillation mechanism 

The scintillation mechanism can be summed up in three steps: conversion, transport and 

luminescence [40].  Figure 1.3 shows the schematic diagram presenting scintillation mechanism in 

three steps. 

80%

10%

7% 3%

Growth methods

Melt growth
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Figure 1.3 The three stages of scintillation [41]. 

Step - 1: The incident radiation interacts with scintillating material and produces an ionization event. 

The event results in inner shell hole and an energetic electron creation followed by radiative, non-

radiative decay and inelastic scattering of electrons. The time taken to complete conversion process 

is 1015 to 1013 seconds.  

Step - 2: When ionization energy threshold is reached then hot electrons and holes thermalize by 

intraband transitions and relaxation. The relaxation mechanism is different for electrons and holes 

due to the different transportation mechanism owing to their masses. Excited electron either relax 

radiatively by emitting a visible photon or non-radiatively by releasing a secondary electron called 

Auger electron. This cascade of events leads to the loss of energy of the electron in the form of 

electron-phonon relaxation. At the end of thermalization process, the number of e-h pairs generated 

is thus proportional to the energy of incident radiation. Luminescent sites are excited by hot 

electrons, e-h or h-e capture and sensitizer-activator transfer of energy in the time domain 1012 to 

108 seconds [21]. 
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Step - 3: The activator ions act as luminescent sites for e-h traps. The recombination of e-h pair at 

the luminescent site of dopant ions results in non-radiative quenching or emission of a visible 

photon. The e-h recombination can take as short as 109 seconds or last up to several minutes in case 

of forbidden processes. Luminescence can be intrinsic and extrinsic. In intrinsic luminescence, the 

self-trapped excitons are the energy carriers to the luminescence centres and in extrinsic 

luminescence, the dopant ion itself is the luminescent species [21]. 

Thus, material science and engineering can play a crucial role in the development of existing 

and new scintillator materials. Different aspects of material science i.e. crystallography, solid state 

physics, luminescence, photonics, defects in solids can cumulatively lead to the advancement of a 

near ideal scintillator material [23]. Research in scintillator materials includes (a) better 

understanding and mechanism models of radiation detector physics; (b) improving characterization 

and response of specific material properties; (c) advancement in synthesis and screening approach 

for materials processing; (d) use of simulation, informatics and modelling for single crystal synthesis 

and (e) rigorous development of novel scintillators.   

1.5 Cerium doped Gadolinium gallium aluminium garnet (GGAG:Ce) 

Until the discovery of SrI2:Eu and KSr2I5:Eu scintillators in 2008 and 2015 respectively, the 

best performing scintillator has been LaBr3:Ce with an excellent resolution of 2.6% and light yield 

of about 60,000 ph/MeV [42-44]. The relatively weak (1 0 0) cleavage plane, hexagonal crystal 

structure with considerable anisotropy in properties like thermal expansion, make the growth of 

large volume LaBr3:Ce crystals very difficult. Moreover, it exhibits intrinsic radioactive background 

due to naturally occurring 138La and actinium contamination. Actinium’s chemically similarity to 

lanthanum makes their separation difficult. Actinium contamination is found at ∼1.6–3.0 MeVee, 

resulting in large background for gamma spectroscopy [45-48]. Although no detector can surpass 

HPGe detectors in terms of energy resolution, it has poor gamma detection efficiency [49].  

The total energy resolution of a scintillation detector depends on the intrinsic resolution of the 

crystal, transfer resolution, statistical contribution of PMT or the photo-diode and the dark noise 

contribution connected with the detector's current and the noise of the electronics. In general, the 

major contribution to total energy resolution of a detector is the intrinsic resolution, which arises 

due to the non-proportionality of light output of the crystal by means of scattering of electrons (δ -

rays) and Landau fluctuations. The contribution dye to electronics noise is negligible in the case of 

the PMT readout [29]. 
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With the advancement in technology, it is now possible to design a scintillator for specific 

purpose. There is a choice for bandgap adjustment and introduction of activator energy levels. 

Properties of some of the recently developed good scintillators have been tabulated in the Table 1.1. 

Table 1.1 Properties of some scintillation detectors. 

 

Property 

GGAG:Ce 

[50] 

CsI:Tl 

[51],[52] 

LaBr3:Ce 

[53] 

LaCl3:Ce 

[42],[54] 

SrI2:Eu 

[43] 

Density (g/cm3) 6.70 4.51 5.10 3.86 4.59 

Zeff 55 54 46.9 59.5 49.4 

Maximum emission 

wavelength (nm) 
550 550 380 352 435 

Decay time(ns) 55 1000 16 26 1000 

Light yield (ph/MeV) ̴ 55,000 ̴ 54,000 ̴ 70,000 ̴ 46,000 ~115,000 

Energy resolution at 662 

keV 
̴ 6% ̴ 7% ̴ 2.6% ̴ 3.3% ̴ 3.0% 

Timing resolution (ns) 0.9 13 0.1 0.256 - 

Internal radioactivity - - 

0.2-0.8 

Bq/cm3   

[45] 

0.04-0.8 

Bq/cm3 

[46] 

- 

  

Currently available scintillators which exhibit near optimum values for some of the mentioned 

ideal properties are listed in Table 1.2 [55]. Among oxide scintillators, YAG and LuAG garnets 

have been extensively studied and are being widely used in laser physics applications. A new 

multicomponent cerium doped gadolinium gallium aluminium garnet (GGAG:Ce) single crystal 

scintillator is a consequence of bandgap engineering resulting from the optimized substitution of Gd 

or Ga ions in YAG:Ce, LuAG:Ce single crystals [56-59]. The optimized ratio of Ga/Al of 3/2 has 

been reported for the best combination of high light output and fast decay time [50].  
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Table 1.2 Examples of currently available scintillators [55]. 

Scintillator 

Property 
Scintillators 

Yield 

(ph/MeV) 

Factors affecting the 

theoretical limit 

Possible future 

materials 

Light 

output 

LaBr3:Ce+Sr, 

SrI2:Eu, 

KSr2I5:Eu 

88,000, 

110,000, 

95,000  

Energy to create an e―h 

pair, energy transfer 

efficiency to luminescence 

centre, high quantum 

efficiency 

LnPO4:Ln, 

K3Ln(PO4)2:Ln, 

CuI (near band 

edge 

semiconductors) 

Energy 

resolution 

LaBr3:Ce, 

SrI2:Eu,  

KSr2I5:Eu 

2.6%, 

2.7%, 

2.4% 

High photon statistics, 

proportional energy 

response 

Mixed rare earth 

halides 

Decay time 

BaF2 (core-

valence 

luminescence) 

LaF3:Nd 

(electric 

dipole 

emission) 

0.6 ns 

 

 

6 ns 

Oscillator strength, 

refractive index,   

wavelength 

Pr3+, Nd3+ and 

Yb3+ -doped 

compounds; near 

band edge 

semiconductors 

(CuI, ZnO:Ga) 

Density 
Lu2O3:Eu 

(ceramic) 
9.4 g/cm3 

Crystal lattice and 

structure 

Pb, Ln, Tl, Bi 

compounds 

Effective 

atomic 

number 

PbWO4 

Bi4Ge3O12 

76 

75 
Atomic number 

Pb, Ln, Tl, Bi 

compounds 

Cost PbWO4 

Approx. 

$2/cm3 

Raw materials, growth 

method and equipments 

installed  

Ceramics 

 

It exhibits high density (6.7 g/cm3), high effective atomic number (55), high light yield (about 

60,000 ph/MeV) and fast decay time (55 ns) [60]. The crystal structure of Gd3Ga3Al2O12 is shown 
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in Figure 1.4. GGAG like other garnets has cubic structure of A3B2C3O12, where A, B and C cations 

have three sites. Gd (A site) is a dodecahedral site, Ga/Al (B site) and Ga/Al (C  

site) are octahedral and tetrahedral sites, all coordinated with oxygen. When GGAG is doped with 

Ce3+ ions, replacement of Gd3+ ions at A site occur. This leads to dodecahedral coordination of Gd3+ 

ions with oxygen having D2 point group symmetry [61]. 

These lucrative scintillation characteristics are due to a strong decrease of the trap centre 

concentration at bottom of the conduction band, thereby, preventing the ionization induced 

quenching of the excited 5d level of the Ce3+ activator ion [61]. They have garnered huge interest 

in medical imaging field for PET, SPECT applications due to their fast timing and high density 

characteristics. Moreover, the synthesis and mechanical processing of GGAG crystals is relatively 

easy, optimized and their non-hygroscopic nature makes them easy to handle [50, 62-63]. As a 

consequence the cost gets highly reduced. The GGAG:Ce single crystal scintillator’s optical, 

scintillation and electronic properties have been finely tuned by doping and co-doping 

concentrations [50, 61]. 

 

Figure 1.4 Crystal structure of Gd3Ga3Al2O12 [61]. 

1.6 Literature survey on GGAG:Ce scintillator 

Efforts to improve the light output, energy resolution, scintillation decay time and coincidence 

timing resolution of GGAG:Ce scintillator are going on [64]. Several groups around the world have 
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studied the properties of GGAG:Ce [65-67]. However, some of its properties and applications, as 

listed below, have not been explored so far: 

1. Detection of charged particles, gamma rays and neutrons together based on Pulse-shape 

discrimination (PSD) technique 

2. Effect of co-doping on its PSD property 

3. Dependence of gamma energy and source-to-detector separation on detection efficiency 

4. Scintillation decay kinetics of heavy ions having high ionization density  

5. Radiation hardness  

6. Intrinsic resolution of Compton electrons to study the non-proprtionality 

7. Growth of large volume single crystals 

Different types of nuclear radiation interact with matter by means of different mechanisms. In 

the case of interaction of nuclear radiation with scintillator, there will be production of visible 

photons. When a gamma ray interacts with a single crystal scintillator, its primary loss of energy is 

through photoelectric effect, Compton scattering and pair production depending on its incident 

energy and the effective atomic number of the scintillator material [26]. The probability of 

photoelectric absorption (τ) is proportional to Zn where “n” is in between 4 and 5. Compton 

scattering probability (σ) is proportional to the Z and the pair production probability (κ) is 

proportional to Z2. However, charged particles interact through ionization and scattering resulting 

in the production of visible photons. The difference in pulse shapes due to different types of 

interacting nuclear radiation can be used to determine the type of interacting radiation by using a 

process called pulse shape discrimination (PSD). Some of the PSD techniques developed till now 

are: zero crossing, charge integration, pulse gradient analysis, neural network, fuzzy algorithm, cross 

correlation with a template pulse, principal component analysis [68-72]. The performance of the 

PSD methods highly depends on the radiation detector and the energy range being investigated. Out 

of all PSD methods, zero crossing and charge integration PSD techniques have been applied for 

decades. However, with the advancement in the solid state semiconductor technology such as field 

programmable gate array and analog-to-digital converter, digital methodologies of PSD have started 

replacing the analog ones. They have been implemented in digital domain using recursive algorithm. 

Digital techniques of PSD allow users to carry out real time analysis without the hassle of electronic 

hardware [73]. 

Trans-stilbene was the first scintillator with which PSD technique has been applied for the 

discrimination of neutrons and gamma rays [74-76]. Since then PSD has been applied in radiation 
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detection mechanism employing scintillation and semiconductor detectors [77, 78]. For charged 

particle detection, radiation detectors such as ionization chambers, proportional counters and 

scintillation counters were being used. However, gamma rays in the form of background radiation 

restricts the accurate detection and measurement of charged particles using scintillation detectors. 

This problem has been resolved by employing PSD techniques for the detection of a particular 

radiation in a mixed field. 

Thallium doped CsI is a benchmark inorganic single crystal scintillator for the detection of 

charged particles with energies ranging from E/A = 30-200 MeV [79]. It is less hygroscopic than 

commercially used NaI:Tl scintillator, affordable unlike solid state detectors and can be grown in 

large sizes of any shapes. CsI:Tl is most often used as alpha particle detector because of its high 

light output (60,000 ph/MeV) [80]. However, CsI:Tl is a slow scintillator whose scintillation decay 

time is of the order of microseconds. Apart from having similar light output (60,000 ph/MeV) and 

emission wavelength at 550 nm, GGAG:Ce scintillator offers fast decay time (55 ns) and high 

density (6.27 g/cm3) compared with that of CsI:Tl scintillator (0.6 μs and 4.51 g/cm3) [60, 80]. These 

characteristics have led to the extensive research of GGAG:Ce scintillator for the charged particle 

detection. Decay time of CsI:Tl consists of two components: fast and slow. GGAG:Ce scintillator 

also exhibits two decay components for alpha particles and gamma rays and its PSD ability has been 

studied by Tamagawa et al [81]. The ratio between these two components and the average decay 

time depends on the nature of incident radiation, thus, exhibiting the PSD ability. The effect of co-

dopants such as boron, calcium, barium, magnesium in GGAG:Ce single crystal has been widely 

studied in terms of its scintillation and optical characteristics [59]. Boron co-doping has resulted in 

the light yield improvement while Ca2+ and Mg2+ co-doping have led to the efficient reduction in 

the decay time of the GGAG:Ce scintillator. However, the PSD in boron co-doped GGAG:Ce has 

not been studied so far. 

PSD depends on the decay time which in turn relies on the scintillation kinetics of the crystal. 

Therefore, it becomes mandatory to decipher the complex scintillation kinetics of alpha particles 

and gamma rays in GGAG:Ce single crystals for the improvement and understanding of PSD ability. 

PSD technique improves background rejection capability in double beta decay experiments, 

suppresses high gamma background in mixed field radiation, background rejection to achieve 

sensitivity to the solar neutrino signals [77,78]. 

PSD technique is also extensively used by phoswich detector to identify different types of 

nuclear radiation. Phoswich is a detector which is a sandwich of two or more scintillators coupled 
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to a same PMT. White and Miller [82] developed a phoswich detector consisting of three single 

crystals for simultaneous detection of alpha, beta and gamma radiation. When the phoswich detector 

is operated in anti-coincidence mode, event signal pulses from the primary front detector are 

accepted only when there is no coincidence signal from the back guard detector. This configuration 

results in efficiently shielding and lowering of the background when compared to the available 

conventional detectors. Choice of the scintillators for the phoswich detector is done on the basis of 

the properties such as decay time, light output, efficiency for charged particles, gamma rays, X-rays 

or neutrons, radiation hardness, etc [83-84].  

Many applications such as gamma spectroscopy, high energy physics and national security 

require detectors with high Zeff and high density [85-90]. For activity measurements also, the 

knowledge of absolute efficiency of the detector is important. Therefore, high detection efficiency 

(both total detection and photo-peak) instigate researchers to look for scintillators with high density 

and large atomic number. The detection efficiency is a measure of the percentage of radiation that a 

given detector detects from the overall yield emitted by the radioactive source [91, 92]. The measured 

efficiency depends on source-detector geometry, energy of incident radiation, absorption cross-section 

in the material and attenuation layers in front of the detector [93]. GGAG being a high density crystal 

can accomplish the high detection efficiency characteristic which has not been studied till now.  

1.7 Thesis overview 

In the thesis work, we have made extensive studies on PSD and detection efficiency of 

GGAG:Ce scintillators. The work has been carried out in Radiation Detectors and Spectroscopy 

laboratory, Indian Institute of Technology Roorkee and Crystal Technology Laboratory, Technical 

Physics Division, Bhabha Atomic Research Centre, Mumbai. The thesis has been presented in seven 

chapters as explained below:   

The chapter-2 presents various methods used to grow single crystals. The single crystals studied 

in this work have been grown by the Czochralski technique and Bridgman method. A description of 

characterization techniques used in this work has been given. Compositional and structural 

characterization has been carried out using powder X-ray diffraction (XRD) and Laue reflection 

patterns. Optical properties were studied using UV-VIS spectrophotometer, photoluminescence 

spectrometer and X-ray stimulated luminescence techniques. The working principles of photo 

sensors such as photomultiplier tube and silicon photomultiplier (SiPM) were described. The 

scintillation characterization of decay time measurement using oscilloscope, PSD using charge 
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integration and zero crossing method and fabrication of gamma detectors from as-grown single 

crystals have been described in this chapter.  

Chapter-3 demonstrates the comparison between PSD abilities of boron co-doped GGAG:Ce 

and CsI:Tl scintillators coupled to PMT and SiPM. Studies on PSD characteristics for gamma rays 

and alpha particles were done by employing a digitizer and zero crossover setup. The comparison 

of the PSD ability of crystals coupled to PMT as well as with SiPM for alpha radiations and gamma 

rays has been illustrated in detail. The figure of merit and zero-crossing time for GGAG:Ce,B and 

CsI:Tl single crystals have been measured and reported. We have observed, for the first time, that 

the behaviour of scintillation decay times of GGAG:Ce,B scintillator is opposite to that of CsI:Tl 

single crystal [61]. The average scintillation decay times for GGAG:Ce,B crystals has been found 

to be fast for alpha excitations compared to that for gamma rays. These values were found to slightly 

degrade in the case of SiPM coupled crystals [61].  

Besides PSD studies, gamma detection efficiency of GGAG:Ce scintillator was studied and 

discussed in chapter-4. As in gamma spectroscopy, apart from having high light output, good energy 

resolution and timing resolution, it is the high efficiency (both total detection (TDE) and photo-peak 

(PE)) of the detector which is of paramount importance. The high density (6.7 g/cm3) and atomic 

number (55) of GGAG:Ce scintillator make it a suitable detector for many applications. In this 

chapter, we have discussed detailed realistic Monte Carlo simulations of absolute efficiencies (both 

total detection and photo-peak) of GGAG:Ce scintillator for gamma rays up to energy of 5 MeV 

and for different values of source-to-detector separation. Simulations were also made with different 

scintillators (LaBr3:Ce, NaI:Tl, CsI:Tl, BaF2 and SrI2:Eu) for comparison. In order to validate these 

simulations, we have made experimental measurements with GGAG:Ce, CsI:Tl and BaF2 detectors 

having dimensions of 18 mm × 18 mm × 10 mm, 25.4 mm × 10 mm and 30 mm × 30 mm 

respectively and for different values of source-to-detector separation considering 137Cs source. A 

good agreement between simulated and measured results has been found [91]. 

In chapter-5, we have discussed a novel approach to explain PSD property and scintillation 

kinetics of GGAG:Ce scintillators using optically stimulated luminescence (OSL). The GGAG:Ce 

crystals were also grown with boron and calcium co-dopants using the Czochralski technique. The 

co-doping was found to have substantial effects on the PSD ability of these scintillators [95]. A 

significant difference in the pulse-shapes for alpha and gamma radiations was observed in B co-

doped GGAG:Ce scintillators while the difference observed in Ca co-doped crystals was quite 

insignificant. Consequently, B co-doped crystals exhibited the highest PSD while those with Ca co-
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doping showed no discrimination in spite of having strong quenching of the light yield by alpha 

radiations that resulted in a minimum α/γ ratio. Thermolumeniscence (TL) and OSL studies with 

infrared, blue and green light provided an insight into the role of defect centres in the relaxation 

mechanism of the scintillation kinetics of GGAG:Ce crystals which subsequently affects their ability 

of discriminating different kinds of radiation [94]. 

Chapter-6 is an extension of the PSD work presented in chapter-3. We have developed a novel 

phoswich detector consisting of two different single crystal scintillators to discriminate various 

types of nuclear radiation with an excellent figure of merit. The high pulse-shape discrimination 

(PSD) for various types of nuclear radiation has been achieved by a novel combination of Boron co-

doped Gd3Ga3Al2O12:Ce (GGAG) crystal coupled to a CsI:Tl (CsI) single crystal. This combination 

was optically coupled to a single photomultiplier tube and desktop digitizer to build a compact 

detector setup. The figure of merit of phoswich detector for discriminating alpha and gamma 

radiations was found to be twice that of the individual crystals. In addition, the gamma ray 

interacting in the front GGAG crystal and back CsI crystal could also be discriminated with a high 

figure of merit making it suitable for the medical imaging applications. The presence of Gd in 

GGAG further imparts the capability to detect thermal neutrons in mixed fields. The observed 

exceptional improvement of the discrimination ability along with the versatility opens a large scope 

for the use of this combination in various applications [95].  

Chapter-7 presents the summary of the thesis work along with the future scope.  
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 CHAPTER 2 

Experimental techniques 

_____________________________________________________________ 

The experimental techniques used in the thesis work have been introduced in this chapter. 

Description of Bridgeman and Czochralski techniques along with the structural and optical 

characterization techniques has been given. The growth and characterization of a large size 

GGAG:Ce,B single crystal is also discussed. The schematic setups for performing PSD studies using 

digitizer and zero crossover have been shown. The corresponding equations used for fitting and 

calculating average decay time, relative ratio, FOM and PSD are also given. 
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2.1 Single crystal growth techniques 

The single crystals have advantage due to their linear behaviour of the emission with the 

deposited energy which leads them to be used in spectrometry mode as well as for identification of 

the radionuclide. Single crystals can be grown from melt, solution or vapour. Growth from the melt 

is most effective and widely used technique for device grade single crystals such as Si and Ge. 

The growth from melt can be carried out by the following techniques [1]: 

 Czochralski (“pulling”) 

 Bridgman (“directional solidification”) 

 Kyropoulos (“top seeding”) 

 Laser-heated pedestal growth 

 Verneuil (“flame fusion”) 

 Micro pulling 

 Floating Zone (including image furnace)  

Out of all the above mentioned techniques, the Bridgman and Czochralski are the dominant 

techniques for bulk size single crystal growth and has been discussed in the following sections. 

2.1.1 Bridgman technique 

This technique of single crystal growth from melt was developed in 1925 by Percy Williams 

Bridgman [2]. This technique produces crystals with high dimensional tolerance, technology 

employed is simple and crystal growth is fast. The materials which melt congruently, do not 

decompose before melting and do not transform phase from melting point to room temperature are 

grown as single crystals through this technique. The material whose single crystal is to be grown is 

loaded in a quartz tube and encapsulated. The quartz tube is suspended in the Bridgman furnace (see 

Figure 2.1) having a known growth gradient. The tip of the quartz ampoule is shaped conical to 

enhance the nucleation process of a single crystal. When full melting of the materials is achieved, 

the ampule is made to pass through a cold zone gradually. 

The capillary tip in the lower conical part of ampoule is filled with melt where seed growth 

initiates with gradual lowering. The seed grows up to an entire crystal from the melt. The rate of 

lowering of the ampule regulates the quality of the crystal and it varies with different materials. 
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Figure 2.1 Schematic of Bridgman technique [3]. 

2.1.2 Czochralski technique 

The Czochralski technique derives its name from Jan Czochralski, a Polish scientist, who first 

utilized this technique to grow metal single crystals [4]. The whole semiconductor industry has 

evolved due to the high quality silicon grown using this technique. Like Bridgman technique, this 

method also has congruent melting point as a prerequisite. The advantage of this technique is the 

growth of high quality large size crystals with better control over many parameters such as 

nucleation, dimension and growth rate [1]. The disadvantages of this growth technique includes 

strain in the grown crystals, evaporation of the constituting materials and contamination due to 

crucible material in the crystal. The crucible containing material charge is placed between the 

heating coils in the growth station. The heat losses due to conduction and convection are taken care 

by properly insulating the crucible with wool, ceramic plates and cylindrical tube. The melting of 

the charge is done by RF heating coils. After achieving the melting and thermalization, the seed 

attached to a lowering rod made of alumina is made to touch the top of the melt in the crucible. The 

seed is maintained in contact with the melt for thermalization. Once the dynamic equilibrium is 

achieved, melt starts growing and crystalizing around the seed. The single nucleation is important 

for perfect crystallinity which is controlled by adjusting the power of the heater. Depending on the 

thermal conductivity, the seed rod is pulled upward at a very slow rate. Continuous rotation of the 
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growing crystal is maintained throughout the whole process which in turn ensures proper heat flow 

for maintaining solid-melt interface. The schematic of a Czochralski technique is shown in Figure 

2.2. 

 

Figure 2.2 Schematic of a Czochralski furnace. 

Ce doped GGAG has been proven to be a promising scintillating material due to many 

properties as discussed in Chapter 1. The growth of this material in single crystalline form has 

improved scintillation properties with the proper selection of co-dopant, growth ambience and after 

growth treatments [5]. Various devices for different applications have also been developed using 

these crystals.  However, the application of this crystal in high energy physics experiments requires 

the scaling up the size of grown crystals without deteriorating its scintillation performance 

characteristics. The growth of single crystals having large diameters face numerous growth 

challenges like optimization of radial and axial temperature gradient, core formation, segregation of 

dopant, cracking etc. We have performed and discussed in detail the successful growth of large size 

GGAG:Ce,B single crystals using the Czochralski technique [7]. 

Experimental details 

The experimental work has been carried out in Bhabha Atomic Research Centre, Mumbai. The 

initial material for the growth was synthesized by mixing the constituent oxides Gd2O3, Ga2O3, 

Al2O3, CeO2 and H3BO3 in their respective molar ratio. The total material weighing 1500 gm was 

mixed well and cold pressed uniaxially to make pellets of 50 mm diameter. These pellets were 

loaded in an Iridium crucible having dimensions of 80 mm diameter and 60 mm length. The material 
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was melted at 2000ᵒC and topped up again with the rest of pellets. The crystal growth experiments 

were carried out in a Cyberstar crystal puller (see Figure 2.3) based on the Czchrolaski technique. 

The diameter was controlled automatically based on the feedback signal from the difference of 

desired weight grown per hour and the measured growth rate. The growth parameters were 

optimized based on the previous growth of smaller size crystals. The grown crystal was cut to make 

a cylinder having dimension of 45 mm diameter and 50 mm length. 

 

Figure 2.3 Crystal puller system [Cyberstar make Oxypuller] [6]. 

Results and discussion 

Table 2.1 shows the optimized parameters used for the crystal growth after some failure 

attempts [7]. Initially, due to higher density (~ 6.7 gm3), the loaded material was not sufficient to 

provide the appropriate melt height for the required thermal gradient. Therefore, large quantity of 

initial material was used in the form of pressed pellets. The polycrystalline material was melted and 

reloaded again after the cooling. The process was repeated and total 1.5 kg material was loaded. 

However, to avoid any stoichiometric deviation, the initial material was also prepared in multiple 

batches accordingly. A non-oriented GGAG seed with Iridium seed holder was used to grow the 
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single crystal. In initial growth attempts, seed got melted during the optimization of power and the 

crystal could be grown from the seed holder. 

Table 2.1 The optimized growth parameters used for the single crystal growth of GGAG:Ce,B. 

Parameters Optimized Values 

Melting Temperature 1850C 

Pull Rate (Seed) 2 mm/hr 

Pull Rate (Cylinder) 2 mm/hr 

Rotation rate 15 rpm 

Initial chamber pressure 1 × 105 mbar 

Ar gas pressure 1100 mbar 

Temperature gradient 40C/cm 

Cooling rate 70C/cm 

The grown crystal as shown in Figure 2.4 (a) was found to have multiple cracks with poorly 

controlled diameter. A seed was cut perpendicular to the growth axis and used in next growth run. 

A good quality single crystal having only couple of cracks in the lower region was grown in the next 

attempt as shown in Figure 2.4 (b). The poor quality in the lower region can be assigned to the 

deviation from stoichiometry due to different evaporative losses of constitute oxides [7]. The 

diameter control was found to be improved significantly after the optimization of growth 

parameters. The solid melt interface was found to be nearly flat. The total weight of the grown 

crystal was found to be 550 gm [7]. More crystal growth experiments are in progress to improve the 

quality of crystal. 

 

Figure 2.4 Photographs of the grown crystals (a) Initial attempt (b) After optimizing the growth 

parameters [7]. 
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2.2 X-ray diffraction 

X-ray diffraction is a powerful, convenient and non-destructive analytical technique for 

investigating the structure of the materials. It primarily gives information about the crystallinity, 

phase, orientation, lattice parameters, strain, defects and other structural characteristics of the crystal 

[8]. With the advancement of the technique, all the branches of science and technology are now 

making use of this technique. The fundamental research ranges from the structure of matter to the 

quality control of commercial products. X-rays are produced when high-energy radiation interact 

with the matter. In this process, electrons are ejected from the inner core shell surrounding the 

nucleus and the vacancy is filled with another electron of higher energy from the outer shells. These 

electrons give up their excess energy in the form of characteristic X-rays. If the vacancies are filled 

by L-shell electrons then the emitted photons are referred to as Kα radiation. These X-ray photons 

have wavelengths in angstrom which is similar to the inter planar spacing in atoms. The planes in a 

crystal can be considered as reflecting. When a beam of X-ray is incident on a single crystal which 

is a periodic arrangement of atoms, it undergoes constructive interference with the lattice planes 

(see Figure 2.5).  

 

Figure 2.5 Bragg’s X-ray diffraction law. 

Following equation is known as the Bragg’s equation: 

θ θ 

d 
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2𝑑 sin 𝜃 = 𝑛𝜆                     (2.1) 

where, d is the inter planar spacing, λ is the wavelength of incident X-rays and θ is the angle of 

diffraction.  

The diffracted beam intensity depends on the arrangement and distribution of atoms in a crystal 

lattice [9]. Thus, X-ray pattern is a fingerprint of the material to a given phase. The database 

containing XRD patterns of all the materials is maintained which can be used to match with the 

XRD of the sample in order to know its phase and structure. 

2.2.1 Powder X-ray diffraction 

The powder X-ray diffraction technique is based on the principle that in a polycrystalline there 

are sufficient crystallites with nearly all possible orientations and the X-ray reflections 

corresponding to all these possible crystal lattice planes can be plotted [10]. The recorded XRD 

pattern has enough reflections which are utilized to accurately determine the phase of the sample. 

The schematic of powder X-ray diffraction is shown in Figure 2.6. 

 

Figure 2.6 Schematic of powder X-ray diffractometer [6]. 

2.2.2 Laue reflection 

Laue’s reflection (see Figure 2.7) is a single crystal X-ray diffraction technique which can 

determine the whole crystal structure, space group, location of atoms, atom bonds and their location, 

bond angles, chemical composition of crystal without any data base.  
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Figure 2.7 Schematic of a Lau reflection setup [6]. 

In this method, for every set of planes Bragg angle is fixed and each set of planes diffracts a 

characteristic wavelength of light which satisfies Bragg’s law for fixed values of d and θ. Every 

point corresponds to a particular set of planes. The reflections produce a unique pattern for a fixed 

orientation which is used to identify the crystal structure [11]. 

The Laue reflection pattern of the above mentioned large size GGAG:Ce, B grown crystal 

having dimensions of 45 mm diameter and 50 mm length was recorded to characterize the crystalline 

quality [7]. The pattern was found to be identical at different position along a plane as shown in 

Figure 2.8. It confirms the crystallinity and a single phase of the grown crystal. 

2.3 UV-VIS spectrophotometer 

Transmission/absorption measurements are carried out using a UV-VIS spectrophotometer 

which measures the intensity of transmitted/absorbed light through a sample w.r.t a reference 

sample, usually air or vacuum. Transmission/absorption spectrometry gives information about the 

absorption levels created by dopants and impurities in the sample [12]. The transmittance is usually 
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Figure 2.8 Laue reflection pattern from all sides measured with GGAG single crystal [7]. 

expressed in percentage (%T) and is defined as the ratio of the intensity of light transmitting through 

a sample (I) to the intensity of light before passing the sample (Io). The absorbance is the related to 

the transmittance in the following way: 

𝐴 = − log (%𝑇
100⁄ )                    (2.2) 

In double beam UV-VIS spectrophotometer (see Figure 2.9), the light is split into 2 beams before it 

reaches the sample. One acts as a reference beam and other passes through the sample. 

2.4 Photoluminescence spectrometer  

Luminescence can be classified as photoluminescence, radio-luminescence 

thermoluminescence and so on, depending on the excitation mechanism [13]. They help in 

understanding the scintillation mechanism by probing the emissions from the luminescent sites via 

de-excitation [14]. PL spectrophotometer comprises of a monochromator, sample containing 

chamber, emission monochromator, detectors and excitation source (Xe or H2 filled lamps) for 

recording life times in μs and ns range respectively. 
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Figure 2.9 Schematic diagram of a UV-VIS-NIR spectrophotometer [6]. 

The broad spectrum produced by the lamp is imaged on the entrance of the excitation 

monochromator. Excitation wavelength of a particular bandwidth is selected by the monochromator 

and after passing through an iris is focused on the sample. Luminescence from the sample is 

collected through a lens system and then focused on the emission monochromator. The selected 

emission wavelength light by the emission monochromator is passed into a PMT or an InGaAs 

detector. 

A small piece of the grown large size GGAG:Ce,B crystal was cut and used for the 

measurement of the emission and transmission properties using Edinburgh fluorescence 15 

spectrometer model FLP 920 is shown in Figure 2.10. The photo-luminescence spectrum shown in 

Figure 2.11 depicts the characteristics transition of Ce3+ ions. The emission band around 550 nm 

lies in the transmission region of the crystal and therefore indicates the possibility of using larger 

size crystal for high energy radiation detection. 
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Figure 2.10 The schematic diagram of a fluorescence spectrometer FLP920 [6]. 

 

Figure 2.11 The photoluminescence spectrum of large size GGAG:Ce, B single crystal measured 

at 450 nm excitation [7]. 
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2.5 X-ray stimulated luminescence (or) Radio luminescence 

When luminescence is caused by exciting the sample with high energy radiation of X-rays, it 

is known as X-ray stimulated luminescence or radio-luminescence (RL). The high energy radiation 

leads to creation of charge carrier followed by their relaxation at the luminescent sites [16]. In RL, 

the electrons are excited deeply in conduction band due to high energy of X-rays compared to the 

visible light in PL. Also, the relaxation process is quite complex compared to PL where just band 

transitions take place. The RL instrument consists of a monochromator, and a white X-ray source. 

2.6 Photo sensor 

Photo sensor is used to measure visible photons from the scintillator crystal by converting these 

photons into photocurrent when they strike the light-sensitive surface. The magnitude of the 

photocurrent produced by the PMT is directly proportional to the intensity of photons striking the 

PMT surface [17]. With advancement in PMT technology, many photo sensors such as PMT, p-i-n 

photodiodes, avalanche photodiodes and SiPM have been developed. The studies concerning this 

thesis were performed using PMT and SiPM only, thus their working principles have been discussed 

in detail. 

2.6.1 Photomultiplier tube (PMT) 

The working principle of PMT is to convert scintillations of scintillator detector into an electric 

pulse to the order which can be processed by the counters and pulse height analysis related 

electronics. A PMT consists of two major parts: a photocathode and an electron multiplier unit (see 

Figure 2.12).  

Photocathode converts incident scintillation photons into low energy photoelectrons depending 

on its quantum efficiency. If the scintillation photons from the scintillator are in the form of a pulse 

then the pulse from the produced photo electrons is also of same duration. The photoelectrons 

emitted from the photo cathode at this point are not sufficient to produce a measurable electric pulse. 

The coupled electron multiplier unit provides an efficient geometry for the collection of 

photoelectrons at the anode and at the same time multiplying their numbers. After the amplification 

of photoelectrons with the help of dynodes and with a gain of the order of 109 the current is sufficient 

for further processing [17]. 
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Figure 2.12 Schematic diagram of a PMT [18]. 

2.6.2 SiPM 

It consists of an array of Geiger-mode avalanche photodiodes (GM-APD) as shown given in 

Figure 2.13. GM-APD operates in the Geiger mode when bias voltage is applied above the avalanche 

breakdown voltage and the avalanche process is stopped by decreasing the electric field by means 

of a quench resistor [19]. Its main purpose was to measure a single photon. However, dark currents, 

dead and recovery times permit only photodiode areas of ~100 μm [20]. Thus, SiPM is very small 

where photodiodes are divided into cells with an individual limiting resistor which are connected in 

parallel. 

The working principle of SiPM is as follows [19]: a single photon from the scintillator produces 

an e-h pair in any one of the GM-APD microcells which initiates the avalanche process. The 

avalanche stops when the discharge of microcell to the breakdown voltage occurs. Then microcell 

recharges to the bias voltage. This discharge and recharge process produces a signal. All the signals 

from the array of microcells combine up to a multiple of the individual cell signal. The final signal 

from the array of GM-APDs of the SiPM is, thus, a function the incident photon intensity. 
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Figure 2.13 Schematic diagram of a SiPM by Hamamatsu [21]. 

The SiPM used in the PSD measurements, discussed in chapter 3, is shown in Figure 2.14. 

 

Figure 2.14 SiPM by sensL. 

2.7 Scintillation detection  

The grown large size GGAG:Ce,B crystal was cut to make a cylinder having dimension of 45 

mm diameter and 50 mm length. The crystal was mounted on a 5 inch diameter PMT and covered 

with a reflecting spectralon hemisphere for initial scintillation characterizations. The crystal was 

coupled to an indigenously developed portable USB powered gamma spectrometer to characterize 

the high energy gamma radiation from an Am-Be source. The effect of Pb, borated rubber and Cd 

shields on the pulse height spectrum was also studied [7]. 
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Figure 2.15 (a) shows the pulse height spectrum of the GGAG:Ce scintillator measured with 

137Cs source. The energy resolution is found to be about 14% which is very poor compared to the 

reported value of about 7% in literature [7]. This is due to the presence of some cracks. Figure 2.15 

(b) shows the pulse height spectrum recorded with Am-Be radioactive source. The alpha emission 

from Am-241 interacts with 9Be and produces 12C in its first excited state. The 12C emits 4.4 MeV 

gamma during its de-excitation. The photo-peak due to this high energy gamma can be observed in 

the spectrum given in Figure 2.15 (b) [7]. The grown crystals could detect 4.4 MeV gamma 

radiations from Am-Be source. However, due to the poor resolution the escape peak could not be 

resolved. The poor energy resolution even at such a high energy is mainly due to Doppler broadening 

arising from the fast de-excitation of carbon [22]. 

 

Figure 2.15 Pulse height spectrum measured with (a) Cs-137 source emitting 662 keV gamma, (b) 

With Am-Be source having 4.4 MeV gamma [7]. 

2.7.1 Decay time measurements 

Fig. 2.16 shows a typical fitted decay time plot from an oscilloscope when an anode signal from 

the PMT is fed to it. A decay curve of scintillator consisting of two components usually is fitted 

using the following equation [23]: 

𝐼(𝑡) = 𝐴0 + 𝐴1 exp(−𝑡
𝜏1

⁄ ) + 𝐴2𝑒𝑥𝑝(−𝑡
𝜏2

⁄ )                     (2.3) 

The relative ratio of decay components was calculated from the equation: 

𝑄1 =
𝐴1𝜏1

𝐴1𝜏1+𝐴2𝜏2
                                                                      (2.4) 
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The average decay time was calculated using the equation: 

𝜏 =
𝐴1𝜏1+𝐴2𝜏2

𝐴1+𝐴2
                                                                                   (2.5) 

 

Figure 2.16 A fitted scintillation decay time curve. 

The mean decay time was calculated using the equation: 

𝜏𝑚𝑒𝑎𝑛 =
𝐴1𝜏1

2+𝐴2𝜏2
2

𝐴1𝜏1+𝐴2𝜏2
                                     (2.6) 

where, 𝜏1 and 𝜏2 denote the fast and slow decay time components respectively and 𝐴1, 𝐴2 denote 

their relative contributions in the total pulse intensity.  

2.8 PSD techniques 

In the mixed radiation field, different kinds of nuclear radiation are usually discriminated by 

two methods; pulse-height discrimination (PHD) or pulse-shape discrimination (PSD). The 

variations in the light yield for different kinds of radiation generate different pulse-heights in PHD 

method. On the other hand, some materials have more than one component of the scintillation decay 

whose ratio depends on the type of radiation. Therefore, these materials have the ability to 

discriminate different radiations based on the PSD method. 
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The figure of merit (FOM) describing the degree of discrimination between alpha and gamma pulses 

was calculated using the equation [24]: 

𝐹𝑂𝑀 =
∆𝑇

𝜏𝛼+𝜏𝛾
                                                                       (2.7) 

where, ∆𝑇 is the separation between the centroids of two peaks in the TAC output spectrum (see 

Figure 2.17) or PSD values from the digitizer, while 𝜏𝛼 and 𝜏𝛾 are the FWHM of time or PSD 

gaussian distributions. 

 

Figure 2.17 A PSD plot featuring FOM. 

2.8.1 Charge Integration method 

Figure 2.18 shows a typical exponential decay curve having more than one decay components. 

Short gate integrates charge due to fast component and long gate integrates total charge collected. 

Charge integration technique utilizes the relative ratio of these decays. Therefore, the integration of 

charges collected in two different time regions (called gate) can be used to discriminate different 

kinds of radiation. Different types of radiation can be discriminated by plotting the PSD values at 

different energies [25].  

The discrimination can be represented as a dimensionless parameter 𝑷𝑺𝑫𝑫𝒊𝒈𝒊𝒕𝒊𝒛𝒆𝒓  given by the 

following equation [24]: 
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𝑃𝑆𝐷𝐷𝑖𝑔𝑖𝑡𝑖𝑧𝑒𝑟 = 1 −
𝑄𝑆

𝑄𝐿
                                                      (2.8) 

where QS is the charge collected in the short gate due to prompt light emission while QL is the total 

light collected in the long gate. 

 

Figure 2.18 The schematics of a typical two exponential decay curve and the concept of PSD by 

integrating charges in two different time windows [25]. 

The schematic of PSD measurement setup employing the charge integration method using a digitizer 

as discussed in chapters 3, 5 and 6 has been shown in the following Figure 2.19. 

 

Figure 2.19 A block diagram of PSD measurement setup using digitizer [23]. 
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2.8.2 Zero crossing method 

The zero crossing technique is one of the most widely used methods for PSD which extracts 

the zero crossing time (ZCT) of the double differential bipolar pulses. A typical ZCT bipolar pulse 

is shown in the Figure 2.20.  

 

Figure 2.20 Pictorial representation of zero crossing time (ZCT). 

Figure 2.21 shows a typical ZCT setup using PMT as photo-sensor. The detector pulses are 

processed through a spectroscopy amplifier. The unipolar pulses from the amplifier are fed to a 

CAEN make VME Analog to digital convertor (ADC V785) containing pulse height characteristics. 

Discrimination was achieved by measuring the ZCT of the amplified, bipolar pulse from the 

spectroscopy amplifier [23]. To exploit the discrimination in ZCT bipolar pulses, a constant fraction 

discriminator (CFD) is used. The zero crossing technique has been used in the present thesis work 

and discussed in chapter-3 for PSD of alpha particles and gamma rays. 
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Figure 2.21 A schematic diagram of PSD measurement setup using zero crossing method [23]. 

2.9 Phoswich detector 

In some of the alternate approaches to obtain the incident radiation dependent decay time, a 

new class of detectors has been proven to be useful for discriminating different kinds of radiation. 

These detectors are fabricated by employing a sandwich/combination of two or more dissimilar 

materials having different pulse-shape characteristics and coupled to a common photo-sensor. These 

are called phoswich detectors that include a combination of scintillating materials like organic, 

inorganic crystalline, thin films, etc. A typical decay pulse obtained from a phoswich detector in an 

oscilloscope is shown in Figure 2.22.  
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Figure 2.22 The scintillation decay curve for alpha particles and gamma rays measured with a 

phoswich detector. 

These detectors have found various applications in routine as well as in advanced detector 

systems for particle spectrometry, simultaneous detection of beta and gamma radiations, 

background suppressed spectroscopy for low energy radiations, etc. Various phoswich detectors 

have been reported earlier by employing gas detectors, organic plastic scintillators, thin films, 

polycrystalline materials, and single crystals, etc. in combination with the similar phase material or 

single crystals [26-28]. However, the detectors fabricated from different phases other than single 

crystals suffer from with the problem of poor efficiencies especially at higher gamma energies. The 

single crystals have various advantages over other scintillating materials and therefore the phoswich 

combination of single crystal scintillators lead to the best results in various applications. However, 

the difference in refractive indices limits the choice of crystals to be optically coupled together. 

Additionally, the emission of light from the first crystal needs to be effectively transmitted through 

the second crystal without significant absorption/excitation. 
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CHAPTER 3 

Alpha-gamma pulse shape discrimination in Boron co-doped 

GGAG(Ce) and in CsI(Tl): A comparative study 

_____________________________________________________________ 

This chapter discusses the comparative study of PSD performances of GGAG:Ce,B and CsI:Tl when 

coupled to a PMT and a SiPM. The boron co-doped GGAG:Ce was chosen because of its highest 

light output amongst co-doped GGAG:Ce crystals. The PSD of alpha and gamma radiations was 

done employing digital charge integration and analog zero crossover techniques. The decay time 

behavior of alpha and gamma radiations in GGAG:Ce,B and CsI:Tl scintillator was observed and 

reported to be opposite, for the first time.   
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3.1 Introduction 

The scintillation performance of GGAG:Ce in gamma spectroscopy has been extensively 

investigated by employing various photo-sensors [1-4]. However, its performance in charged 

particle spectroscopy is yet to be explored in detail. Moreover, the development of new photo 

sensors and the state-of-the-art electronics has led to an investigation of crystal’s performance in 

charged particle identification in order to explore the possibility of using them in the applications 

requiring compact detector geometry. The pulse shape discrimination (PSD) technique has been 

utilized in various crystals such as NaI:Tl, CsI:Tl, BaF2, ZnS:Ag, LaBr3, LaCl3, YAG:Ce, LuAG:Ce 

and GGAG:Ce [5-12] for the explicit identification of charged particles, gammas and neutrons. The 

scintillation decay curve for these crystals consists of more than one exponential component. The 

relative ratio of these components depends on the nature of the exciting radiation   due to the 

difference in ionization density caused by different energy loss mechanisms. Subsequently, the 

shape of the decay pulse can be used to distinguish the exciting radiations. The PSD techniques have 

been extensively used in the neutron spectroscopy for discriminating the gamma background [13]. 

Also, the fission events generating heavy charged particles can also be identified by using these 

techniques [14].  

It is well known that CsI(Tl) scintillator crystals have been widely used for  the detection of 

charged particles owing to their excellent light output  of about 66,000 ph/MeV, two decay times of 

680 and 3000 ns, emission at 550 nm and the cost effectiveness [15]. Due to the green-yellow 

emission, GGAG:Ce crystals can also be used with silicon based photo-sensors to fabricate the 

compact detectors in this regard [16]. The GGAG:Ce has an edge over CsI:Tl in being non-

hygroscopic, denser and has a faster decay time. It has been reported that with boron co-doping, the 

self-absorption of scintillation light output (LO) in GGAG:Ce crystal decreases resulting in the 

improvement of energy resolution from 9% to 7.8% [3]. However, the PSD in boron co-doped 

GGAG:Ce has not been studied so far. 

In this chapter, we report our studies on PSD characteristics of CsI:Tl and GGAG:Ce,B 

scintillators for charged particles and gamma rays. These studies were carried out using charge 

integration method and zero-crossing timing method. In addition to the conventional photomultiplier 

tube, the PSD capabilities of SiPM based CsI:Tl and GGAG:Ce, B detectors were also evaluated. 

After the detailed exploration of GGAG:Ce,B scintillator’s PSD ability for charged particles and 

gamma rays, we have extended our work to measure its PSD ability for heavy ions and gamma rays 

by performing an in-beam experiment. 
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3.2 Experimental Details 

Single crystals of GGAG:Ce,B were grown using the Czochralski. The initial concentration of 

dopant is 0.2 atomic percent and of codopant is also 0.2 atomic percent. These concentrations are 

with respect to Gd. The co-doping with boron was used based on recently reported work on the 

improvement of scintillation performance [2]. The CsI:Tl crystals were grown using the Bridgman 

technique. The initial concentration of thallium in the crystal is 0.15 atomic percent.  The growth 

processes for these crystals in detail have been discussed in the recent publication [17]. Two samples 

of CsI:Tl and GGAG:Ce,B having similar dimensions of 18 × 18 × 10 mm3 were cut from the grown 

crystals. The surface which was used to couple photo-sensors optically was polished while the other 

surfaces were untouched. The samples were coupled to 2" Hamamatsu R1306 PMT using optical 

grease for efficient light collection. 

In another set of experiments, the samples were coupled to SiPM (SenSL C type) having 6×6 

mm2 active area using an optical guide. The SiPM mounted on a PCB board having dual mode 

readout of fast and standard outputs was used in the zero-crossing method to get both timing and 

energy information from each pulse. It is operated at an overvoltage of 5 V which makes its photon 

detection efficiency 42%. The temperature of lab was controlled and maintained at 25°C with the 

help of air conditioner. The working of SiPM has been discussed in detail in chapter-2. The SiPM 

has two outputs signals : fast output (Fout) and slow output (Sout) signal The PSD was measured 

with Am-Pu alpha source that emits alpha particles of two energies 5.15 and 5.48 MeV while 60Co 

was used as a gamma source. Alpha source is mounted on the crystal’s non-polished surface with 

an aluminum collimator of thickness 25 µm. It has been found that the loss in the energy of alpha 

particles in aluminum is negligible. The assembly is then tightly wrapped with Teflon tapes leaving 

minimum air gap possible in between. The gamma source is kept at a distance of 5 cm in front of 

the detector. PSD measurements are carried out by deploying charge integration and zero-crossing 

methods. A CAEN make 14 bit, 16 channels digitizer (V1730) with DPP-PSD firmware and a 

sampling rate of 500 MS/s was used to integrate the pulse and obtain the charges for the different 

short and long time gates associated with alpha particles and gamma rays. The integrated charge in 

short and long gates is computed by the digitizer due to different pulse shapes of alpha and gamma 

decay. The discrimination parameter (PSD) of digitizer is given by Eq. (2.8). Various gate settings 

were used to observe the effect of charge collection on the discrimination and were subsequently 

optimized. Other parameters such as charge sensitivity, threshold, trigger hold-off, CFD fraction, 

pre-gate were also optimized to obtain the best possible discrimination. The corresponding optimum 
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values are 2, 100, 300, 25 and 132 respectively. These values are same for both the detector setups. 

The schematic setup given in Figure 2.19 was used for PSD measurements of alpha and gamma 

sources involving the digitizer.  

In order to support the results obtained from the digitizer setup, a PSD technique for measuring 

zero-crossing time (ZCT) difference for gamma rays and alpha particles was used employing the 

schematic setup of ZCT given in Figure 2.20. An inverter was additionally used for SiPM based 

detectors. The detector pulses were then processed through a spectroscopy amplifier. However, a 

lower threshold cut-off was introduced to remove 59 keV gamma originating from the Am-Pu alpha 

source to obtain better FOM. 

For in-beam experiment through 13C(75 MeV) + 232Th reaction, the GGAG:Ce,B scintillator 

coupled to 1" PMT is used. This detector was chosen as it demonstrated the highest PSD ability for 

alpha particles and gamma rays. The in-beam experiment was performed at 14 MV BARC-TIFR 

Pelletron facility, Mumbai. The experiment was performed using a 13C beam of energy 75 MeV and 

a self-supporting metallic foil of 232Th (1.6 mg/cm2) was used as a target. A 5 mm collimator was 

used in front of the detector. The PSD was achieved using ZCT technique as discussed in chapter 2. 

The TAC range was kept at 2 μs. The energy signal (from PMT anode) and timing signal (from 

PMT dynode) were processed through spectroscopic and timing filter amplifiers, respectively.  

3.3 Results and discussion 

The CsI:Tl and GGAG:Ce,B crystals grown by Bridgeman and Czochralski techniques were 

found to be free from any visible cracks and inclusions. The processed samples of CsI:Tl and 

GGAG:Ce,B crystals having dimension of 18×18×10 mm3 are shown in Figure 3.1. The samples 

were directly coupled to the PMT. However, a uniquely designed light-guide (shown in Figure 3.1 

(c)) played a crucial role in coupling them with the SiPM for the maximum light collection. The 

light guide did not introduce significant variation in the pulse height of the decay spectrum which 

makes it suitable for our experiments. This was verified by recording the spectrum of 137Cs using 

5×5×5 mm3 crystals of GGAG:Ce,B directly coupled to the SiPM. The measured energy resolution 

of light guide coupled scintillator at 662 keV was within the experimental error. 
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Figure 3.1 Single crystal of (a) CsI:Tl, (b) GGAG:Ce,B and (c) a light guide for coupling crystals 

with SiPM. 

Figure 3.2 shows the normalized scintillation decay plots of CsI:Tl and GGAG:Ce,B crystals 

measured directly from the anode of a PMT using a fast digital oscilloscope 

 

Figure 3.2 Normalized scintillation decay curves measured with alpha and gamma sources for (a) 

CsI:Tl and (b) GGAG:Ce,B crystals coupled to PMT. 

. The decay curves for alpha and gamma radiations were exponentially fitted using Eq. (2.3). 

Relative ratio of decay components and average decay times for alpha and gamma radiations was 

calculated using Eq. (2.4) and Eq. (2.5). The decay time components of CsI:Tl detector for alpha 

excitation were measured to be 300 ns and 700 ns with relative intensities of 25% and 75% 

respectively. The corresponding average life time (amplitude weighted) was calculated to be about 

600 ns. The decay times for gamma excitation were 700 ns and 3500 ns with relative contribution 

of 57% and 43% respectively and gamma average decay time of 1200 ns. These values are in good 

agreement with those reported earlier [18]. The acceleration of decay time due to alpha in 

comparison with gamma excitation may be attributed to the  emission  from some non-radiative 
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quenching processes of (Tl+)*. These processes take place due to excited Tl+ state interaction with 

excited atoms created by the excitation of high ionization density alpha particles [19, 20]. However, 

the excitation in GGAG:Ce,B does not seem to follow the similar relaxation mechanism. In these 

crystals, the faster decay component at 61 ns and the slower one at 488 ns were found to have relative 

contributions of 77% and 23% respectively for gamma excitation. The average life time of gamma 

excitation is 108 ns. In contrast to CsI:Tl, alpha radiation slows down the decay time having 

components of 104 ns and 501 ns with relative intensities of 20% and 80% respectively that led to 

the average time of about 284 ns [22]. The fast component is due to the transition from 5d-4f state 

in Ce3+ while the slow component arises due to defect centres in GGAG:Ce,B crystal [3]. A similar 

mechanism has also been observed in an iso-structural YAG:Ce crystal [10]. Despite having a higher 

ionization density, there is an increase in the decay time for alpha excitation, which indicates the 

role of defect centres in the scintillation kinetics of these crystals. In order to understand the role of 

defects in relaxation mechanism of various excitation radiations, more experiments are in progress. 

After observing the dependence of decay time on ionization density, PSD studies of alpha particles 

and gamma rays were carried out by employing digitizer and zero-crossing setup. The PSD 

measurements, by using digitizer, are based on the charge collection in long (QL) and short gate 

(QS). The value of PSD, as given in Eq. (2.8), indicates the dependence of discrimination capability 

on QS / QL ratio. Therefore, to obtain the best PSD value, the corresponding gates are needed to be 

optimized for an effective capture of the fastest and the slowest components of light yield in short 

and long gates respectively. The figure of merit (FOM) describing the degree of discrimination 

between alpha and gamma pulses was calculated using Eq. (2.7). The effect of long gate selection 

on FOM, as shown in Figure 3.3, indicates the importance of the relationship between charge 

collection through different gates and PSD. The optimization of short gate and long gate were 

carried out in many runs of PSD measurements. Figure 3.4 (a) and (b) helped us to select the 

optimum SG and LG for the CsI:Tl scintillator.  
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Figure 3.3 The effect of long gate settings on figure of merit (FOM) measured for (a) CsI:Tl and 

(b) GGAG:Ce, B crystals coupled to PMT. 

 

Figure 3.4 Optimum LG and SG FOM measured for (a) CsI:Tl and (b) GGAG:Ce, B crystals 

coupled to PMT. 

Similar process was carried out to select SG and LG for GGAG:Ce,B scintillator. The short gate 

was optimized and fixed at 800 ns for CsI:Tl and 80 ns for GGAG:Ce,B. Initially, both graphs in 

Figure 3.3 depicted a trend of FOM getting better on increasing long gate, however once a maximum 

is attained, discrimination tends to either saturate or decrease. After measuring the FOM for various 

gate combinations, the short and long gates were optimized to 800 ns and 1600 ns respectively for 

CsI:Tl. 

Similarly, the values for short and long gates were optimized to 80 ns and 550 ns for 

GGAG:Ce,B respectively. Figure 3.5 (a) and (b) show the scattered plots of PSD as a function of 

integrated charge for CsI:Tl and GGAG:Ce,B respectively. Its Y-axis represents the PSD values 
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between 0 and 1, as calculated from Eq. (2.8), while the pulse height (energy) of alpha and gamma 

is plotted along X-axis. Figure 3.5 (c) and (d) are the projections of PSD for the entire energy range 

of alpha and gamma. PSD scattered plot along Y-axis quantitatively demonstrates the degree of 

separation between alphas and gammas in terms of FOM. The value of FOM depends on the 

separation and FWHM gaussian peaks corresponding to alpha and gamma. The α/γ light yield ratio 

can be measured from the projection of the scattered graph along the X-axis. For CsI:Tl and 

GGAG:Ce,B crystals, the ratios were found to be 0.50 and 0.17 respectively. These values are 

reasonably in good agreement with the reported values [20, 12]. Keeping in mind the resolution of 

the crystals, the mean energy of 5.14 and 5.48 MeV alpha particles was considered for the 

measurements.  

 

Figure 3.5 Results of PSD measurement using digitizer for alpha and gamma rays of (a) CsI:Tl and 

(b) GGAG:Ce,B crystals coupled to PMT. The projection along X-axis is shown for (c) 

CsI:Tl and (d) GGAG:Ce,B. 
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The opposite dependence of decay for alpha particles and gamma rays in CsI:Tl and 

GGAG:Ce,B can also be seen in Figure 3.5. In CsI:Tl (see Figure 3.5 (a)), the alpha excitation results 

in faster decay time as represented by lower blotch which appears at higher energies on X-axis 

owing to a relatively higher α/γ ratio. In GGAG:Ce,B (see Figure 3.5 (b)), the dependence is 

opposite where the spread on Y-axis represents alpha due to a longer decay time. The small α/γ ratio 

leads to the pulse height at lower channel numbers on X-axis. Although lower α/γ ratio for 

GGAG:Ce,B indicates stronger quenching due to high ionization density but it increases the decay 

time unlike CsI:Tl. The results point out the role of defect centres which release the trapped charges 

after some time and therefore increase in the decay time. The role of defect centres in scintillation 

kinetics has been explained by Tyagi et al., in [3]. In spite of having poor α/γ ratio, there is a marked 

difference in Y projection due to the pulse shape difference caused by alpha and gamma excitations 

in both the detectors. The FOM values for CsI:Tl and GGAG:Ce,B were calculated to be 2.41 and 

3.42 respectively which illustrates the PSD capabilities of these detectors. Even though α/γ ratio of 

CsI:Tl (0.50) is better than that of GGAG:Ce,B (0.17), FOM values suggest GGAG:Ce,B to be a 

better choice for charged particle identification based on PSD. It may be noted that the results 

presented are for the energies greater than 122 keV.  

Moreover, in order to corroborate the digitizer firmware results, zero-crossing time difference 

of both the detectors was also measured using the conventional zero-crossing method as shown in 

Figure 3.6.  

 

Figure 3.6 PSD for alpha and gamma rays in (a) CsI:Tl and (b) GGAG:Ce,B crystals coupled to 

PMT from zero-crossing setup. 
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The zero-crossing time difference of 89 ns and 60 ns for GGAG:Ce,B and CsI:Tl respectively 

was sensed by a timing single channel analyzer (TSCA). The greater value of FOM for GGAG:Ce,B 

crystal supports the measured results obtained using the digitizer. Exponential decay curves of both 

the crystals mounted on SiPM through light guide have also shown a similar dependence on alpha 

and gamma excitations as that measured with a PMT. The PSD comparison measured with the 

digitizer is shown in Figure 3.7.  

Figure 3.7 PSD plots for alpha and gamma rays of (a) CsI:Tl and (b) GGAG:Ce,B crystals coupled 

to SiPM from digitizer. 

The PSD of CsI:Tl-SiPM detector is more than that of GGAG:Ce,B-SiPM detector. The 

separation between alpha and gamma is quite apparent in both the detectors in a compact geometry 

employing SiPM. The measured zero-crossing time difference of 114.7 ns for a GGAG:Ce,B-SiPM 

detector was found to be better than 102.0 ns measured for CsI:Tl-SiPM detector. These results 
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support the results obtained by employing PMT. In SiPM based detectors, a higher PSD from the 

zero-crossing method suggests better discrimination compared to PMT based detectors. This can be 

credited to better photon detection efficiency and good matching between emission wavelength of 

crystal and spectral sensitivity of SiPM (550 nm). Better compatibility of GGAG:Ce scintillators 

with SiPM has already been reported by Tyagi et al. [16] in which they have demonstrated that the 

timing properties strongly depend on the digital processing system. 

Figure 3.8 indicates the PSD of CsI:Tl and GGAG:Ce,B using ZCT. However, the FOM for 

GGAG:Ce,B (1.54) is slightly less than that of CsI:Tl (1.71) which can be assigned to the energy 

spread especially at lower energies. It may be noted that the SiPM have higher noise contribution 

due to their single photon sensitivity, crosstalk and after-pulsing. An improvement in the back-end 

electronics and data acquisition may result in better FOM for SiPM detectors in support of higher 

zero-crossing time.  

 

Figure 3.8 PSD plots for alpha and gamma rays of (a) CsI:Tl and (b) GGAG:Ce,B crystals coupled 

to SiPM from ZCT. 

Table 3.1 shows the comparison of FOM values for alpha and gamma PSD of CsI:Tl and 

GGAG:Ce,B crystals coupled to PMT and SiPM using digitizer and analog PSD methods. It further 

lists the ZCT and FOM values of CsI:Tl and GGAG:Ce,B crystals coupled to SiPM obtained using 

the fast output (Fout) and slow output (Sout) signal combination and the individual splitting of Sout 

signal of SiPM employing zero-crossing technique. The improvement in FOM values from Fout + 

Sout signals than from Sout signal of SiPM has been observed in both the crystals. This higher value 

of FOM from Fout + Sout signal of SiPM is due to better frequency and decay time matching of the 
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crystals with the Fout + Sout signal of SiPM. The poor FOM value and ZCT of GGAG:Ce,B 

scintillator is due to high noise contribution as mentioned before. 

Table 3.1 FOM and ZCT values of alpha and gamma PSD using CsI:Tl and GGAG:Ce,B crystals 

coupled to PMT and SiPM employing digitizer and analog technique. 

Crystal 

Specification 

Photomultiplier Tube Silicon Photomultiplier  

Digitizer Zero Crossing Digitizer Zero Crossing 

CsI:Tl 

(18 mm) 

2.41 (SG:800 

LG:1600) 

60.53 ns 2.80  104.00 ns (Fout + 

Sout) 

102.45 ns (Sout) 

GGAG:Ce,B 

(18 mm) 

3.42 (SG:80 

LG:550) 

87.06 ns 1.7 114.7 ns (Fout + 

Sout) 

83.53 ns (Sout) 

 

PSD of GGAG:Ce,B scintillator carried out using known alpha and gamma sources has shown 

that it is capable of distinguishing charged particles. To test its PSD capability for charged particles 

other than alpha particles, GGAG:Ce,B detector coupled to PMT was tested in an in-beam 

experiment. Particles of different Z= 2, 3, 4 and 6 were produced in 13C (75 MeV) + 232Th reaction 

[24]. The light (Z = 2 and 3) and heavy (Z = 4 and 6) charged particles were detected by GGAG:Ce,B 

detector. Experiment resulted in a typical two-dimensional plot of the ZCT versus energy as shown 

in Figure 3.9 for a detector angle of 81° with respect to the beam direction. Particle identification 

from this plot can be grouped into two bands corresponding to gamma rays and charged particles. 

Gamma rays appear with a long tail along energy axis due to the small thickness (1 mm) of the 

GGAG:Ce,B scintillator. As can be seen in the figure, two bands are merging into each other at low 

energies. With increase in the energy of radiation, the separation between the bands becomes more 

prominent. The separation between lighter and heavier charged particle could be observed at higher 

energies only. Although GGAG:Ce,B crystals were reported to have better alpha gamma 

discrimination, the separation of charged particles was found to be weaker in comparison to that of 

measured with CsI:Tl scintillators [25]. A strange feature of ZCT turn around at high energies was 

observed. An interesting trend of the turn-around was also noted. The turn-around energy increases 

for gamma rays to lighter charged particles to heavier 13C particles having energy of around 65 

MeV.  
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Figure 3.9 Two dimensional plot of ZCT versus energy. 

3.4 Summary  

In spite of a stronger quenching of emission, alpha excitation slows down the scintillation decay 

time in GGAG:Ce,B crystals unlike other halide scintillators where higher ionization density 

excitation makes scintillation decay faster. The PSD is observed to be better in GGAG:Ce,B crystals 

in comparison to CsI:Tl [22]. The FOM was calculated to be 3.42 in GGAG:Ce,B crystals which is 

higher compared to 2.41 in CsI:Tl crystals. The highest zero-crossing time difference of 114.7 ns 

was also obtained when GGAG:Ce,B scintillator was coupled with SiPM. However, lower FOM 

values from SiPM based detectors are expected to improve with better parameter optimization and 

electronics. More experiments are in progress to understand the PSD performance of GGAG:Ce,B 

detector for lighter and heavier charged particles along with gamma rays for large range of energies. 
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CHAPTER 4 

Efficiency studies of GGAG:Ce scintillators 

_____________________________________________________________ 

This chapter discusses detailed realistic Monte Carlo simulations of absolute efficiencies (both total 

detection and photo-peak) of GGAG:Ce scintillator for gamma rays up to energy of 5 MeV and for 

different values of source-to-detector separation. Simulations were also made with different 

scintillators (LaBr3:Ce, NaI:Tl, CsI:Tl, BaF2 and SrI2:Eu) for comparison. Owing to its high Zeff 

and high density, GGAG:Ce clearly outshines these detectors in terms of efficiency. The simulated 

and measured efficiencies of GGAG:Ce scintillator for 662 keV gamma energy for source-to-

detector separation upto 10 cm, has been reported for the first time. 
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4.1 Introduction 

With humans trying to explore each and every aspect of their universe, the scintillators used for 

the radiation spectroscopy have evolved more and more towards an ideal type. In general, an ideal 

scintillator must have high detection efficiency, high light yield, good energy and timing resolutions, 

transparent to visible light, high stability in light output with change in temperature, robust and high 

radiation hardness. Inorganic scintillators tend to fulfil most of the above stated criteria, in comparison 

to organic scintillators, to some extent. The properties and standards of an ideal scintillator are difficult 

to attain in reality and there is usually a trade-off among some of the properties according to the 

required application. Gamma spectroscopy is one of the applications which require detectors with high 

Zeff and high density [1]. For activity measurements, the knowledge of absolute efficiency of the 

detector is important. Therefore, high detection efficiency (both total detection and photo-peak) 

constantly lures researchers to look for scintillators with high density and large atomic number. The 

detection efficiency is a measure of the percentage of radiation that a given detector detects from the 

overall yield emitted by the radioactive source [2]. The measured efficiency depends on source-

detector geometry, energy of incident radiation, absorption cross-section in the material and 

attenuation layers in front of the detector [3]. 

Among the recently discovered oxide scintillators, GGAG:Ce (gadolinium gallium aluminium 

garnet) is found to possess density (6.7 g/cm3) and Zeff (55) similar to that of high efficient BGO (7.13 

g/cm3 and 73 [19]) and CdWO4 (7.9 g/cm3 and 74 [20]) scintillators for gamma rays. Efficiency studies 

of GGAG:Ce are therefore of primary interest when the need for high gamma-ray counting efficiency 

outweighs energy resolution [11]. Several studies on efficiency measurements were made in the past 

with different types of scintillators. Melcher et al., [12] have reported simulated photo-peak efficiency 

of BGO and CdWO4 relative to NaI:Tl as 3.3 and 3.2 respectively. Kumar et al., [13] have carried out 

detailed studies on energy dependent total detection efficiency (TDE) and photo-peak efficiency (PE) 

of 25.4 mm × 25.4 mm cylindrical LaBr3:Ce both experimentally and using GEANT4 simulation 

toolkit. 

In the present chapter, we have made extensive realistic Monte Carlo simulations of the absolute 

efficiencies of GGAG:Ce, LaBr3:Ce, NaI:Tl, CsI:Tl, BaF2 and SrI2:Eu using GEANT4 simulation 

toolkit considering 137Cs source [14]. These simulations were carried out for different values of source-

to-detector separation ranging from 0 to 10 cm. In order to validate the simulations, we have made 

measurements of TDE and PE of above mentioned scintillators using a 137Cs source. We could not 

carry out measurements with SrI2:Eu due to its unavailability in our lab. 
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4.2 Simulations 

GEANT4 (Geometry And Tracking) is a simulation toolkit which can be used to accurately 

track the passage of the particles through matter [14]. It was developed by CERN for high energy 

physics experiments. It requires a detailed description of the geometry of the experimental setup and 

environmental assessment with respect to their dimensions, range cut, and number of events, 

relevant physics list, materials and shapes, as well as types of radiation particles falling on the 

detector. Details of detector’s active volume and geometry are provided in the detector construction 

file. General Particle Source (GPS) module has been used as the particle generator. The source-

detector setup simulated for the efficiency measurement is given in Figure 4.1. The three 

dimensional view of GGAG:Ce crystal geometry is shown in Figure 4.1 (a). 

 

Figure 4.1. (a) GEANT4 simulated three-dimensional view of the GGAG:Ce crystal, (b) Schematic 

of detector setup used in the present work. 

Simulations were also carried out with LaBr3:Ce, NaI:Tl, CsI:Tl, BaF2 and SrI2:Eu crystals for 

the comparison. The simulations were done for a large number (106) events considering an isotropic 

point source. The simulations were made taking all possible physics processes into account. Since 

the simulations have been carried out for a large number of events, the statistical uncertainty is found 
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to be negligible. The secondary production threshold was set at 2 keV. GEANT4 toolkit has the 

provision to simulate the decay scheme of a radioactive source by considering all possible 

transitions. However, in the toolkit we have used a radioactive-decay module which generates all 

the decay components radiated from specific radioactive gamma source, procuring information from 

the Evaluated Nuclear Structure Data File [15]. The calculation of efficiencies for mono-energetic 

gamma sources can be obtained from the total and the photo-peak areas in the generated energy 

spectra. The TDE and PE can be defined as [11]:  

𝜀𝑇𝐷𝐸 =
𝑇𝑜𝑡𝑎𝑙 𝑛𝑜.  𝑜𝑓 𝑐𝑜𝑢𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚

𝑁𝑜.  𝑜𝑓 𝑔𝑎𝑚𝑚𝑎 𝑟𝑎𝑦𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑠𝑜𝑢𝑟𝑐𝑒 
                (4.1) 

𝜀𝑃𝐸 =
𝑁𝑜.  𝑜𝑓 𝑐𝑜𝑢𝑛𝑡𝑠 𝑢𝑛𝑑𝑒𝑟 𝑡ℎ𝑒 𝑝ℎ𝑜𝑡𝑜𝑝𝑒𝑎𝑘

𝑁𝑜.  𝑜𝑓 𝑔𝑎𝑚𝑚𝑎 𝑟𝑎𝑦𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑠𝑜𝑢𝑟𝑐𝑒
                  (4.2)  

The errors in the simulated efficiencies have been calculated using the uncertainty in the 

components of the geometry and dimension of the detector, as provided by the manufacturer. 

4.3 Experimental details 

In order to validate the simulated results, the measurements were made with GGAG:Ce, CsI:Tl 

and BaF2 crystals. Table 4.1 provides the details of scintillators used in the present work. The single 

crystal of GGAG:Ce was grown using Czochralski technique while single crystals of CsI:Tl and 

BaF2 were grown via Bridgeman method. A 18 mm × 18 mm × 10 mm GGAG:Ce, a 25.4 mm × 10 

mm cylindrical CsI:Tl and a 30 mm × 30 mm cylindrical BaF2 crystals were cut and optically 

polished for the measurements. One of the polished surface of the crystals was coupled to a 5" 

Hamamatsu PMT using an optical grease. A 5" hemispherical reflector (spectralon) was mounted 

on the crystal plus PMT system. Use of hemispherical spectralon for efficiency measurements 

ensured maximum light collection by the scintillator crystal. The whole setup including preamplifier 

is placed in a light tight box for accurate efficiency measurements. The detector setup used for 

efficiency is shown in Figure 4.1(b). We have used four low activity gamma sources, namely, 137Cs 

(115 kBq), 134Cs (152 kBq), 60Co (104 kBq), 22Na (60 kBq) and 57Co (118 kBq) for the energy 

calibration. The low activities were chosen to minimize the effects of pileup and dead time in the 

anode signal. TDE and PE data was obtained by keeping 137Cs source above the detector assembly 

at various distances for the duration of 1000s. 
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Table 4.1 Details of scintillators used. 

Scintillator Geometry Dimensions Manufacturer 

GGAG:Ce 
Cuboid 18 mm × 18 mm × 10 mm 

Grown by Czochralski 

method 

(in our lab) Cylindrical 24 mm × 19 mm 

LaBr3:Ce Cylindrical 25.4 mm × 25.4 mm Saint Gobain 

NaI:Tl Cylindrical 50.8 mm × 50.8 mm Canberra 

CsI:Tl Cylindrical 24.5 mm × 10  mm Grown by Bridgman 

method 

(in our lab) 
BaF2 Cylindrical 30 mm × 30 mm 

A CAEN made voltage sensitive preamplifier and a CANBERRA made spectroscopy amplifier were 

used for pulse processing. A Tukan 8k MCA has been used to obtain and analyze the energy spectra. 

Efficiency analysis has been carried out by subtracting the background spectrum and correcting it 

for dead time. Following simple equation is used for experimental calculation of absolute detection 

efficiency using 137Cs source [16]: 

𝜀𝑇𝐷𝐸 =
𝑁𝑑𝑒𝑡

𝐴𝑡𝑝
 𝐶𝑑                     (4.3) 

where Ndet is the total number of gamma-rays detected, A is the activity of the gamma source, t is the 

acquisition time, p is transition probability corresponding to the 662 keV gamma emission and Cd is 

the correction factor due to dead time. The absolute photo-peak efficiency is given by: 

𝜺𝑷𝑬 =
𝑵𝒑𝒆𝒂𝒌

𝑨𝒕𝒑
 𝑪𝒅                     (4.4) 

where Npeak denotes the total number of counts under the photo-peak. 

Similarly, measurements were carried out with a cylindrical CsI:Tl detector of size 25.4 mm × 

10 mm and a cylindrical BaF2 detector of size 30 mm × 30 mm for 662 keV considering the source-

to-detector separations in the range of 0 to 10 cm. 
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4.4 Results and discussion 

Table 4.2 shows the simulated energy dependent TDE and PE curves for different scintillators 

having similar dimensions (18 mm × 18 mm × 10 mm) and for gamma energy of 662 keV when the 

source is placed 0.5 mm away from the crystal [17]. Clearly, GGAG:Ce possesses highest TDE and 

PE and NaI:Tl possesses lowest TDE and PE. The percentage difference in TDE of GGAG:Ce and 

NaI:Tl for 662 keV is 40%. Whereas, the percentage difference in PE of GGAG:Ce and NaI:Tl for 

662 keV is 61% [17].  

Table 4.2 Simulated TDE and PE of different scintillators having dimensions 18 mm × 18 mm × 10 

mm for gamma energy of 662 keV when source-to-detector separation is 0.5 mm. 

Scintillator TDE (in %) PPE (in %) 

GGAG:Ce 19.18 7.18 

LaBr3:Ce 14.54 3.42 

BaF2 14.49 4.34 

CsI:Tl 13.56 4.33 

SrI2:Eu 13.54 3.73 

NaI:Tl 11.36 2.77 

Figure 4.2 shows simulated TDE and PE curves for different scintillators in comparison with 

GGAG:Ce for two geometries (cuboid and cylindrical) and  for different values of source-to-detector 

separation for 662 keV gamma energy. With increase in source-to-detector distance, a decrease in 

solid angle takes place and all scintillators tend to follow same trend of decrease in TDE and PE 

values. Again, GGAG:Ce possess highest TDE and PE and NaI:Tl possess lowest TDE and PE in 

the entire range of source-to-detector separations. For example, for a source-to detector separation 

of 1.0 cm, the percentage difference in TDE of GGAG:Ce and NaI:Tl is 39.5%. Whereas, the 

corresponding percentage difference in PE of GGAG:Ce and NaI:Tl is 60.5% . 
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Figure 4.2 TDE and PE curves of different scintillators of dimensions 18 mm × 18 mm × 10 mm 

(cuboid) and 24 mm × 19 mm (cylindrical) for different source-to-detector separations 

for 662 keV gamma energy. 

Table 4.3 demonstrates the simulated TDE and PE values for cuboid and cylindrical geometries 

of GGAG:Ce, LaBr3:Ce, CsI:Tl, BaF2 and SrI2:Eu [17]. These values are taken relative to NaI:Tl 

scintillator. PE of GGAG:Ce is about 2.5 times that of NaI:Tl scintillator. It can also be seen that 

GGAG:Ce has PE nearly 2 times that of CsI:Tl. Overall, highest absolute efficiency has been 

observed for GGAG:Ce scintillator. The errors associated with simulated efficiencies are within 

data points.  
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Table 4.3 Simulated TDE and PE (relative to NaI:Tl) of different scintillators having dimensions 

18 mm × 18 × 10 mm (cuboid) and 24 mm × 19 mm (cylindrical) for gamma energy of 

662 keV when source is placed 1 mm away. 

Scintillator 

Cuboid 

18mm × 18mm × 10mm 

Cylindrical 

24 mm × 19 mm 

TDE PE TDE PE 

GGAG:Ce 1.65 2.48 1.61 2.47 

LaBr3:Ce 1.23 1.21 1.26 1.29 

NaI:Tl 1.00 1.00 1.00 1.00 

CsI:Tl 1.16 1.45 1.19 1.54 

BaF2 1.24 1.54 1.26 1.56 

SrI2:Eu 1.19 1.32 1.19 1.34 

After carrying out the simulations of absolute efficiency of GGAG:Ce and of different 

scintillators which have been already studied and reported, experiments were done with the available 

scintillators in the laboratory. The energy calibration plot of GGAG:Ce is shown in Figure 4.3. A 

good linearity can be seen for the energy range of 122 keV to 1332 keV.  

 

Figure 4.3 Energy calibration plot of GGAG:Ce detector. 

Figure 4.4 shows the simulated and measured data for LaBr3:Ce, NaI:Tl, CsI:Tl and BaF2 

scintillators of different geometries for 662 keV gamma energy and for source-to-detector 

separations up to 10 cm. A very good agreement has been found between simulated and measured 
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results. For example, measured TDE and PE of a 25.4 mm × 25.4 mm cylindrical LaBr3:Ce 

scintillator is in excellent agreement with the values reported by Kumar et al. [13]. 

 

Figure 4.4 Simulated and measured TDE and PE curves of LaBr3:Ce, NaI:Tl, CsI:Tl and BaF2 

scintillators for different source-to-detector separations for 662 keV gamma energy. 

Figure 4.5 shows the measured and experimental TDE and PE values of cuboid and cylindrical 

GGAG:Ce scintillators grown in our lab. The errors associated with measured and simulated 

efficiencies are within data points. Again, our simulation results match fairly well with the measured 

efficiency values for both scintillator geometries. For GGAG:Ce scintillator of dimensions 18 mm 

× 18 mm × 10 mm, TDE and PE are found to be (9.22±0.01)% and (3.77±0.01)% respectively [17]. 

Similarly, for a cylindrical GGAG:Ce scintillator  of dimensions 24 mm × 19 mm, the TDE and PE 

are found to be (19.79±0.01)% and (8.08±0.01)% respectively [17].   
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Figure 4.5 Simulated and measured TDE and PE of GGAG:Ce scintillator for two different 

geometries for different source-to-detector separations for 662 keV gamma energy. 

4.5 Summary 

Our detailed realistic GEANT4 simulations have clearly shown that GGAG:Ce has an absolute 

total detection and absolute photopeak efficiency better than that of LaBr3:Ce, NaI:Tl, CsI:Tl, BaF2 

and SrI2:Eu scintillators due to its high Zeff  and high density. When the performance of GGAG:Ce 

and CsI:Tl scintillators with similar dimensions are compared, GGAG:Ce found to be possess photo 

peak efficiency twice that of CsI:Tl. Thus, apart from having FOM higher than that of CsI:Tl in 

pulse shape discrimination (PSD) of alpha gamma radiations [18], the higher absolute efficiency of 

GGAG:Ce can further diversify its applicability in high efficiency detectors and detectors based on 

compact SiPMs. Future work include the growth of large volume of GGAG:Ce crystals and to 

determine energy dependent efficiency curves for gamma rays up to the energy of 20 MeV. 
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CHAPTER 5 

Studies on effect of co-doping on PSD properties of 

GGAG:Ce scintillators 

_____________________________________________________________ 

This chapter discusses the effect of co-doping on discrimination of alpha and gamma radiations in 

GGAG:Ce scintillator. The boron and calcium as co-dopants were chosen because of the maximum 

impact observed on the scintillation and timing properties of co-doped GGAG:Ce crystals. An 

approach to explain the PSD properties of GGAG:Ce scintillator with the help of optically 

stimulated luminescence (OSL) using infrared (IRSL), green (GSL) and blue (BSL) light emission, 

has been used for the first time. 
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5.1 Introduction 

In addition to various applications, recently the GGAG:Ce scintillator has shown a huge 

potential in distinguishing alpha particles and gamma rays, with a high figure of merit (FOM) of 

about 3.42 among oxide scintillators as discussed in chapter-3 [1]. With promising scintillation 

properties discussed in chapter-1, GGAG:Ce is a good candidate for the charged particle 

identification [2]. The PSD properties depend on the quantification of the difference in pulse-shapes 

resulting from different scintillation decay kinetics of the excitation radiation inside the crystal [3]. 

Thus, in order to study the scintillation decay mechanism it is important to understand the electronic 

as well as defect structure of the crystal [4].  

The reported work on PSD properties of GGAG:Ce single crystals in comparison with the 

conventionally used CsI:Tl scintillator has indicated that their scintillation decay times for alpha and 

gamma radiations have significantly different and opposite characteristics [1]. The average 

scintillation decay time of GGAG:Ce is 284 ns for alpha excitation as compared to the faster decay 

time of 108 ns for gamma rays. While in CsI:Tl crystals, the alpha excitation results in a faster 

average decay time of 600 ns compared to the slower decay of 1200 ns for gamma rays [1]. 

Accordingly, the oxide single crystal scintillators having a garnet structure such as YAG:Ce, 

LuAG:Ce and GGAG:Ce exhibit an opposite scintillation decay behavior compared to the halide 

scintillators such as NaI:Tl, CsI:Tl and LaBr3:Ce when alpha and gamma radiations interact with 

them [5-12]. Studies on scintillation kinetics in halide scintillators have shown that the decay time 

of alpha particles is faster than that of gamma rays as it depends on activator concentration and 

indicates the presence of quenching due to their higher ionization density [13,14]. However, to the 

best of our knowledge, no detailed studies on ionization density dependent scintillation kinetics in 

garnet oxide scintillators are available so far. In addition, the role of co-doping on the PSD properties 

has been reported scarcely [4, 15] though the effect of co-doping on the scintillation properties have 

been studied extensively. 

In this chapter, the effect of co-doping on discrimination of alpha and gamma radiations in 

GGAG:Ce scintillator has been investigated in detail. The boron and calcium as co-dopants were 

chosen because of the maximum impact observed on the scintillation and timing properties of co-

doped GGAG:Ce crystals [4]. An approach to explain the PSD properties of GGAG:Ce scintillator 

with the help of optically stimulated luminescence (OSL) using infrared (IRSL), green (GSL) and 

blue (BSL) light emission, has been used for the first time. 
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5.2 Experimental details 

GGAG:Ce single crystals used in the present work were grown using the Czochralski 

technique. The crystals were also grown incorporating co-doping of boron and calcium. The growth 

processes of these crystals have been discussed in detail in chapter-2. All three samples i.e, 

GGAG:Ce, GGAG:Ce,Ca and GGAG:Ce,B single crystals of dimensions 5×5×5 mm3 were cut and 

polished from the grown single crystals. The samples were then coupled to a 1" Hamamatsu make 

PMT using optical grease. The decay time and PSD measurements were carried out with Am-Pu 

alpha and 137Cs gamma sources. Decay curves for all the samples were obtained by taking the output 

from the anode of PMT using a 1 GHz Tektronics digital storage oscilloscope. PSD of alpha and 

gamma excitations in three samples was carried out by employing charge integration method in a 

CAEN (DT5790M) make dual channel, 12 bit desktop digitizer having a sampling rate of 250 MS/s. 

The collimated alpha source was directly mounted on the crystal to minimize the energy loss. A 

negative HV of 970 V was provided to the detector setup from the SHV connector of the digitizer. 

The integrated charges in short and long gates are processed by the digitizer with DPP-PSD firmware 

and different pulse-shapes of alpha and gamma radiations enable them to get discriminated. The 

time width of short gate (QS) and long gate (QL) were optimized by observing the effect of charge 

collection on the discrimination. Other parameters such as charge sensitivity, threshold, trigger hold-

off, CFD fraction, pre-gate were also optimized to obtain the best possible discrimination. 

In order to study the effect of co-doping on defect structure of GGAG:Ce samples, their thermo-

luminescence (TL) and optically stimulated luminescence (OSL) using infrared laser and blue and 

green LEDs were studied. The samples were loaded on the Lexsyg research imaging TL-OSL-RF 

system, the most advanced TL/OSL reader system. A program routine to carry out TL and OSL of 

each sample was created. This routine incorporates pre-heating upto 350°C at 5°C/s and cooling is 

done upto 50°C. The samples were then irradiated by beta radiation (90Sr) unit which provides a 

homogeneous irradiation field at a dose rate of about 0.1 Gy/s for 20 sec. Subsequently, TL was 

performed and the samples were heated upto 260°C at a rate of 5°C/s. The Lexsyg system facilitates 

a Hamamatsu PMT with standard bi-alkaline cathode having peak sensitivity at 420 nm for detection 

and light output measurements. After TL, preheating with instructions mentioned earlier was 

executed to get rid of filled trapped centres for IRSL and OSL measurements. A continuous mode 

850 nm IRSL laser stimulation followed by preheating is done for each sample. Then, blue (458 

nm) and green (525 nm) light LEDs stimulation for OSL excitation passing through a filter of 365 
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nm is performed. TL, IRSL and OSL data are acquired using LexStudio 2.0 data acquisition 

software. 

5.3 Results and discussion 

The dependence of scintillation kinetic mechanism of GGAG:Ce scintillator under different 

excitation densities cannot be solely credited to the non-radiative quenching of the emission as 

explained in halide scintillators [13,14]. The slow nature of alpha excitation decay time in 

GGAG:Ce scintillators indicate the presence of another factor which overpowers the higher 

ionization density quenching nature of alpha excitations [1]. The effect of co-doping on PSD 

properties adds some important results to understand this unresolved mechanism. 

The scintillation decay curves measured with alpha and gamma radiations for GGAG:Ce, 

GGAG:Ce,Ca and GGAG:Ce,B single crystals have been plotted in Figure 5.1. Clearly, the 

difference in pulse shapes of alpha and gamma decay curves is maximum for B co-doped GGAG:Ce.  

Figure 5.1 Alpha and gamma scintillation decay curves of boron and calcium co-doped GGAG:Ce 

samples having dimensions of 5×5×5 mm3 with the crystal pictures in the inset. 

Table 5.1 illustrates the values of decay time calculated using Eq. (2.3), (2.4) and (2.5) by fitting 

the decay curves shown in Figure 5.1. The Ca co-doped crystal showed relatively fast average decay 
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time of about 120 ns for alpha excitation and 89 ns for the gamma excitation. The ratios of average 

decay times measured for alpha and gamma excitations were also calculated to have a rough estimate 

of the ability of GGAG:Ce, GGAG:Ce,Ca and GGAG:Ce,B single crystals in discrimination of these 

radiations. The ratio of average decay times of alpha and gamma gives an insight into the PSD 

ability of the crystal. The maximum difference in average decay times of alpha and gamma 

excitations was observed in B co-doped crystals. The α⁄γ ratio was calculated by measuring the 

photo-peak positions in the pulse-height spectrum with alpha and gamma sources and taking the 

ratio after dividing those with their relative energies 5486 keV and 662 keV respectively. 

Table 5.1 Scintillation decay components for alpha and gamma excitations in GGAG:Ce, 

GGAG:Ce,Ca and GGAG:Ce,B single crystals and α⁄γ ratio for the light yield. 

Sample Alpha Gamma   

 
τ1 

(ns) 

τ2 

(ns) 

τα_avg 

(ns) 

τ1 

(ns) 

τ2 

(ns) 

τγ_avg 

(ns) 

𝝉𝜶_𝒂𝒗𝒈

𝝉 𝜸_𝒂𝒗𝒈
 

𝜶 𝜸⁄  

ratio 

GGAG:Ce 
278 

(58%) 

47 

(42%) 
178 

314 

(28%) 

53 

(72%) 
127 1.40 0.11 

GGAG:Ce,Ca 
219 

(45%) 

37 

(55%) 
120 

245 

(24%) 

40 

(76%) 
89 1.35 0.10 

GGAG:Ce,B 
501 

(70%) 

98 

(30%) 
378 

388 

(25%) 

61 

(75%) 
143 2.63 0.17 

 

This ratio determines the quenching of emission due to higher ionization density by the charged 

particles and contributes as the major factor for making the decay time faster in halide crystals. This 

α⁄γ ratio was found to be the lowest in Ca co-doped crystals in spite of having the small difference 

in decay times. On the other hand, it was found to be highest in B co-doped crystals having the large 

difference in decay times. A correlation of α⁄γ ratio with non-proportionality and energy resolutions 

of the oxide scintillators has been reported recently [16]. However, we observe here that the poor 

α⁄γ ratio due to more quenching doesn’t ensure to have better PSD ability. These results motivate us 

to understand the mechanism causing the PSD in garnet crystals which is different from that of 

reported in halide crystals [1]. 

The decay time measurements of B co-doped samples showed the largest difference for alpha 

and gamma radiations which led to its best PSD ability as shown in Figure 5.2 which is plotted by 
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calculating PSD using Eq. (2.8). But despite having the fastest decay time, Ca co-doped GGAG:Ce 

crystal exhibited poor PSD due to less difference in pulse-shapes generated by alpha and gamma 

excitations. This difference in pulse shapes of radiations is dependent on the scintillation kinetics of 

GGAG:Ce single crystal under different excitation densities. The major effect of co-doping has been 

observed on the defect structure of the crystal and the presence of “Ce” in higher valence state (Ce4+) 

[4]. These results indicate that the ionization density induced quenching mechanism as reported in 

the case of alkali halides is not sufficient to explain the PSD properties of GGAG:Ce scintillator. 

 

Figure 5.2 Effect of co-doping on alpha and gamma discrimination abilities of GGAG:Ce samples 

along with a 2-D cut along the PSD axis. 

The defect centres also trap some of the excited charge carriers generated by alpha or gamma 

excitations to affect the emission from Ce3+ ions. These trapped carriers may be released either 

thermally or optically. Since the PSD properties have been measured at room temperature, the defect 

centres releasing charge carriers having energy equivalent to room temperature with such a decay 

rate that have significant contribution on the decay time should play the major role. The thermal 
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stimulated luminescence of the samples measured upto 260°C is shown in Figure 5.3(a) which 

clearly shows that Ca co-doping is more effective in reducing the shallow defect centres when 

compared to B co-doping.  

 

Figure 5.3 The luminescence intensity from the trap centres of GGAG:Ce, GGAG:Ce,Ca and 

GGAG:Ce,B scintillators measured from (a) Thermally stimulated (b) Infra-red light 

stimulated (IRSL), (c) Green light stimulated (GSL) and (d) Blue light stimulated 

(BSL). 

More detailed investigations on TL properties related to scintillation kinetics in these crystals 

have been reported earlier [4]. However, these results do not explain why Ca co-doped crystals have 

poor discrimination ability in spite of having fast scintillation decay. The contribution from thermal 

noise makes it difficult to stimulate deeper trap centres. Therefore, to further understand the role of 

deeper defect centres in PSD properties of GGAG:Ce single crystal, we have used optical 

stimulation to release the deeper trapped centres. To measure the optically stimulated luminescence 

(OSL), the samples were first stimulated with low energy infrared laser pulse and the obtained 

emission has been plotted in Figure 5.3(b). The intensity of emitted light is maximum in GGAG:Ce 
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while it is least in Ca co-doped due to the presence of shallow defect centres as indicated by TL 

studies. When stimulated by green light LED, the emission was observed only in GGAG:Ce,Ca and 

GGAG:Ce,B crystals as shown in Figure 5.3(c). No emission of light is observed in GGAG:Ce 

indicating absence of deeper trap centres in the crystal. GSL highlights the presence of deep defect 

centres along with shallow centres in co-doped GGAG:Ce samples. Figure 5.3(d) shows the plot 

obtained using higher energy blue LED. Clearly, BSL provides better information about the 

presence of deeper trap centres where electrons are getting trapped in the forbidden band gap of 

GGAG:Ce single crystal. Only Ca co-doped crystals shows the luminescence when stimulated by 

blue LED. It confirms the presence of deeper trap centres in the vicinity of Ce3+ excited states in the 

forbidden band gap. These trap centres may immobilize the excited charge carriers and due to the 

presence of Ca2+ and Gd3+, energy levels may lead to the non-radiative relaxation of the excitation 

to quench the emission [17]. Additionally, the presence of Ce in higher valence state i.e. Ce4+ in 

place of Ce3+ has been also observed to be in higher concentration in Ca co-doped crystals [14]. It 

leads to the Ca co-doped crystals to have lesser light yield and faster decay times. The contribution 

of defect centres in slower decay time component due to delayed recombination has been observed 

in GGAG:Ce [18] and can be used in future to explain the thermal ionization effect on the 

luminescence in B and Ca co-doped GGAG:Ce materials also. 

However, the presence of defect centres should have more influence on the scintillation kinetics 

when irradiated with gamma in comparison to alpha excitation having lesser penetration length. The 

role of higher excitation density on the contribution from the trap centres is not possible to explain 

with the available knowledge and experimental results. These results on the effect of co-doping on 

PSD abilities indicate that unlike halide crystals, the defect centres also play an important role in 

affecting the scintillation decay kinetics when excited by alpha radiation having higher ionization 

density of excited charge carriers in comparison with the gamma radiations. The contribution from 

trap centres to the decay times may compete with other processes like energy transfer from the host 

and ionization density quenching in order to determine the PSD abilities of these scintillators. It is 

also observed that the higher concentration of shallow trap centres in GGAG:Ce crystals and higher 

concentration of deep trap centres in GGAG:Ce,Ca crystals lead to the poor α⁄γ ratio along with the 

poor discrimination ability while GGAG:Ce,B crystals were found to have the best discrimination 

abilities. 

 The “B” co-doping also improves the energy non-proportionality and self-absorption in 

addition to increase the activator Ce concentration in trivalent (Ce3+) valence state [19]. Therefore 
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the slower decay time with alpha irradiation and effect of co-doping on PSD properties of garnet 

crystals can be assigned to a cumulative effect. These results on the effect of co-doping on PSD 

properties are valuable addition to explain the mechanism and more experiments on the growth 

conditions and different co-dopants are in progress for further understanding which may be applied 

to other garnet based scintillators as well. This understanding may help in a systematic designing of 

the materials according to the application requirements. 

5.4 Summary 

The pulse-shape discrimination capabilities were observed to depend on the presence of co-

doping in GGAG:Ce scintillators. B co-doping in GGAG:Ce single crystal was found to have better 

PSD properties in comparison to Ca co-doped crystals while α⁄γ ratio indicates the maximum 

quenching in Ca co-doped crystals. The effect of co-doping has been found to be an effective tool 

in order to understand the scintillation decay mechanism and role of defect centres [20]. The 

optically luminescence stimulated by different energies was used to understand the role of deeper 

trap centres on the light yield and scintillation kinetics. The IRSL, GSL and BSL emissions confirm 

the presence of deeper trap centres in Ca co-doped crystals while Ce only doped crystals have more 

shallow traps. Unlike halide scintillators, the alpha and gamma excitations in GGAG:Ce cannot be 

solely attributed to the ionization density induced quenching to explain the opposite trend of 

scintillation kinetics for the charged particles. 

 

 



84 

 

84 
 

References of chapter 5 

[1] Rawat, S., Tyagi, M., Netrakanti, P. K., Kashyap, V. K. S., Singh, A. K., Desai, D. G., Mitra, 

A., Kumar, G. A., and Gadkari, S. C., Pulse shape discrimination properties of 

Gd3Ga3Al2O12:Ce single crystal in comparison with CsI:Tl. Nucl. Instrum. Methods Phys. Res., 

Sect. A 840, 186‒191 (2016). 

[2] Tyagi, M., Singh, A. K., Singh, S. G., Desai, D. G., Patra, G. D., Sen, S., and Gadkari, S. C., 

Improvement of the scintillation properties of Gd3Ga3Al2O12:Ce,B single crystals having 

tailored defect structure Phys. Stat. solidi-Rapid Research Letter 9, 530-534 (2015).  

[3] G. F. Knoll, Radiation Detection and Measurement, John Wiley & Sons, New York, 4th Ed., 

2010. 

[4] Tyagi, M., Meng, F., Koschan, M., Donnald, S. B., Rothfuss, H., and Melcher, C. L., Effect of 

codoping on scintillation and optical properties of a Ce-doped Gd3Ga3Al2O12:Ce scintillator. J. 

Phys. D 46, 475302 (2013). 

[5] Kamada, K., Yanagida, T., and Pejchal, J., Scintillator-oriented combinatorial search in Ce-

doped (Y,Gd)3(Ga,Al)5O12 multicomponent garnet compounds, J. Phys. D: App. Phys. 44, 

505104 (2011). 

[6] Wu, Y.  T., Luo, J.  L., Nikl, M., and Ren, G.  H., Origin of improved scintillation efficiency in 

(Lu,Gd)3(Ga,Al)5O12:Ce multicomponent garnets: An X-ray absorption near edge spectroscopy 

study, Appl. Phys. Lett. Mater. 2, 012101 (2014). 

[7] Kamada, K., Endo, T., Tsutumi, K., Yanagida, T., Fujimoto, Y., Fukabori, A., Yoshikawa, A., 

Pejchal, J., and Nikl, M., 2011. Composition engineering in cerium-doped (Lu,Gd)3(Ga,Al)5O12 

single-crystal scintillators, Crystal Growth & Design 11, 4484.  

[8] Bartle, C. M., A study of (n,p) and (n,α) reactions in NaI(Tl) using a pulse-shape-discrimination 

method, Nucl. Instrum. Methods 124, 547 (1975). 

[9] Winyard, R. A., Lutkin, J., and McBeth, G. W., Pulse shape discrimination in inorganic and 

organic scintillators, Nucl. Instrum. Methods 95, 141-153 (1971). 

[10] Crespi, C. L., Camera, F., Blasi, N., Bracco, A., Brambilla, S., Million, B., Nicolini, R., 

Pellegri, L., Riboldi, S., Sassi, M., et al., Alpha–gamma discrimination by pulse shape in 

LaBr3:Ce and LaCl3:Ce, Nucl. Instrum. Methods Phys. Res. Sect. A 602, 520 (2009). 

[11] Auffray, E., Augulis, R., Fedorov, A., Dosovitskiy, G., Grigorjeva, L., Gulbinas, V., Koschan, 

M., Lucchini, M., Melcher, C. L., Nargelas, S., et al., Excitation transfer engineering in Ce-

doped oxide crystalline scintillators by codoping with alkali-earth ions, Phys. Status Solidi A 



85 

 

85 
 

215, 1700798 (2018). 

[12] Sidletskiy, O., Arhipov, P., Tkachenko, S., Zelenskaya, O., Vasyukov, S., Moretti, F., 

Dujardin, C., Drastic scintillation yield enhancement of YAG:Ce with carbon doping, Phys. 

Status Solidi A 215, 1800122 (2018). 

[13] Kudin, A. M., Sysoeva, E. P., Sysoeva, E. V., Trefilova, L. N., and Zosim, D. I., Factors which 

define the α/γ ratio in CsI:Tl, Nucl. Instrum. Methods Phys. Res. Sect. A 537, 105 (2005). 

[14] Dinca, L. E., Dorenbos, P., de Haas, J. T. M., Bom, V. R., and Van Eijik, C. W. E., Alpha–

gamma pulse shape discrimination in CsI:Tl, CsI:Na and BaF2 scintillators, Nucl. Instrum. 

Methods Phys. Res. Sect. A 486, 141-145 (2002). 

[15] Barta, J., Cuba, V., Jary, V., Beitlerova, A., Panek, D., Parkman, T. and Nikl, M., Photoinduced 

preparation of bandgap-engineered garnet powders, IEEE Trans on Nucl Science 65, 2184-

2190 (2018). 

[16] Wolszczak, W., and Dorenbos, P., Nonproportional response of scintillators to alpha particle 

excitation. IEEE Trans on Nucl Science 64, 1580 (2017). 

[17] Tyagi, M., Rothfuss, H. E., Donnald, S. B., Koschan, M., and Melcher, C. L., Effect of co-

doping on the radiation hardness of Gd3Ga3Al2O12: Ce scintillators, IEEE Trans on Nucl 

Science 61, 297-300 (2014). 

[18] Mihokova, E., Jary, V., Schulman, L. S., and Nikl, M., Low temperature delayed recombination 

decay in complex oxide scintillating crystals, IEEE Trans Nucl. Science 61, 257 (2014). 

[19] Donnald, S. B., Tyagi, M., Rothfuss, H., Meng, F., Hayward, J. P., Koschan, M., and Melcher, 

C. L., The effect of B3+ and Ca2+ co-doping on factors which affect the energy resolution of 

Gd3Ga3Al2O12:Ce, IEEE Trans. Nucl. Sci. 60, 4002 (2013).  

[20] Rawat, S., Tyagi, M., G. Anil Kumar, Gadkari, S. C. and Kim, H. J., Comprehending the role 

of defect structures in pulse-shape discrimination and scintillation kinetics for 

Gd3Ga3Al2O12:Ce single crystals (2019) [To be submitted]. 

  



86 

 

86 
 

 

 

 

 

  



87 

 

87 
 

CHAPTER 6 

A novel versatile phoswich detector consisting of two single 

crystals to discriminate various kinds of radiation 

_____________________________________________________________ 

A phoswich detector having a novel combination of GGAG:Ce and CsI:Tl single crystals, both non-

hygroscopic, is proposed for detecting charged particles, neutrons and gamma rays in a mixed  field 

of radiation. This combination is chosen because of their opposite behavior in decay times of alpha 

and gamma radiations. A high FOM for alpha and gamma radiations for any individual scintillator 

has been observed by this phoswich detector.  
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6.1 Introduction 

Scintillation detectors are being used as a vital component for various current and advanced 

technology developments. The single crystal scintillators have been proven to be advantageous over 

other forms of materials in various applications including academics as well as industries like 

medical, security, nuclear, etc [1,2]. The demand for new scintillating materials with improved 

performance characteristics are continuously increasing with the applications in various fields [3,4]. 

The finding of new materials is also associated with advancement of photo-sensors and data 

acquisition systems. No single material has required properties to be used in all applications. An 

appropriate material is selected for a particular application based on the types of incident radiation, 

intensity of radiation, requirement of size and the desired output, etc. For different kinds of radiation 

like α, β, γ, heavy charged particles, neutrons, etc., different scintillating materials are usually 

deployed based on the type of interaction and conversion into a measurable signal [5]. Neutral 

particles like neutrons require special materials consisting of atoms with significant values of the 

capture cross-section. Alpha and heavy charged particles require thin scintillators while gamma 

radiations need larger size with higher stopping efficiency [6]. However, various applications in 

general involve mixed field of different kinds of radiation. For example, neutron emission is 

generally associated with gamma radiation [7]. 

For detecting a specific kind of radiation in a fixed field of radiation, PSD and PHD methods 

are employed as discussed in chapter-2. PSD method makes use of the slow component dependence 

on the incident radiation type. PSD can be achieved by many scintillators discussed in chapter-3. In 

some of the alternate approaches to obtain the incident radiation dependent decay time, a new class 

of detectors has been proven to be useful for discriminating different kinds of radiation. These 

detectors are fabricated by employing a sandwich/combination of two or more dissimilar materials 

having different pulse-shape characteristics and coupled to a common photo-sensor. These are called 

phoswich detectors that include a combination of scintillating materials like organic, inorganic 

crystalline, thin films, etc.  These detectors have found various applications in routine as well as in 

advanced detector systems for particle spectrometry, simultaneous detection of beta and gamma 

radiations, background suppressed spectroscopy for low energy radiations, etc. A different response 

of the combination of scintillating materials for a same type of radiation also has an ability to provide 

a depth of interaction (DOI) information which has added an additional dimension in the medical 

imaging applications. Therefore, the advanced imaging systems are also being developed based on 

the phoswich scintillators. Various phoswich detectors have been reported earlier by employing gas 
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detectors, organic plastic scintillators, thin films, polycrystalline materials, and single crystals, etc. 

in combination with the similar phase material or single crystals [8-20]. However, the detectors 

fabricated from different phases other than single crystals suffer from with the problem of poor 

efficiencies especially at higher gamma energies. The single crystals have various advantages over 

other scintillating materials and therefore the phoswich combination of single crystal scintillators 

lead to the best results in various applications. However, the difference in refractive indices limits 

the choice of crystals to be optically coupled together. Additionally, the emission of light from the 

first crystal needs to be effectively transmitted through the second crystal without significant 

absorption/excitation. Some of the promising combinations have single crystals which are 

hygroscopic in nature and need to be encapsulated which limits their applications. Moreover, the 

detection of thermal neutrons requires the presence of atoms like Li, B and Gd, etc. that have a high 

thermal neutron capture cross-section that further limits the choice of using single crystals phoswich 

detectors to discriminate neutrons in addition to charged particles and gamma radiations. 

In this chapter, we set up a novel phoswich design comprising of CsI:Tl and GGAG:Ce,B single 

crystal scintillators and employing a digitizer for the individual detection of alpha, beta, gamma and 

neutron radiation. 

6.2 Experimental details 

The single crystals of Gd3Ga3Al2O12 doped with Ce and co-doped with B were grown by the 

Czchrolaski technique. A disc of about 20 mm diameter and 1 mm thickness was cut and optically 

polished. It was kept in contact with a commercially available CsI:Tl scintillator of ~20 mm3 having 

good PSD properties. An aluminized Mylar of about 6 micron thickness was used to cover the front 

of GGAG:Ce,B scintillator. This combination was mounted on a Hamamatsu PMT using optical 

grease. The schematic of the phoswich design is shown in Figure 6.1 (a). An Am-Pu alpha source 

was directly coupled to an aluminized mylar covered GGAG:Ce,B disc and was collimated using 

Al foil such that all radiation falls only on the disc. A 137Cs (662 keV) gamma source was kept in 

front of the phoswich detector such that it deposits its energy in both scintillators depending on their 

nature and stopping powers. For scintillation decay measurements, the anode signals from PMT 

were recorded in a 1 GHz Tektronics digital storage oscilloscope. PSD studies were carried out by 

using a CAEN make desktop digitizer having a 250 MHz sampling rate employing charge 

integration technique. 
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Figure 6.1 (a) The schematic of a phoswich detector and (b) Actual setup of a versatile phoswich 

detector consisting of a combination of GGAG:Ce,B and CsI:Tl single crystals. 

Here the HV for PMT was also provided by the digitizer. Various short and long gate settings 

were used to study the effect of charge collection on the discrimination and were subsequently 

optimized. The developed portable setup used for PSD studies employing phoswich and digitizer is 

shown in Figure 6.1 (b). All these measurements have been carried out with the identical setup under 

the optimized conditions for a better comparison. However the performance can be further improved 

with more advance techniques. 

6.2.1 Setup of a versatile phoswich detector 

A novel combination of two single crystal scintillators having different pulse-shape 

characteristics of discriminating alpha, beta, gamma and neutron was setup. The main properties of 

Gd3Ga3Al2O12:Ce,B and CsI:Tl  single crystals have been listed in Table 6.1. The GGAG:Ce 

scintillators were co-doped with B due to the significant improvement of the scintillation 

characteristics including light yield, self-absorption of scintillation light output (LO), radiation 

hardness and improvement of energy resolution as reported by Tyagi et al [21]. From now onwards, 

in this chapter these two scintillators will be referred as GGAG and CsI respectively. The emission 

of light from the front GGAG crystal peaking at around 550 nm lies in the transmission region of 

the CsI crystal coupled to the PMT. The difference in the refractive indices is also not significant. 

A typical photograph of the complete setup is shown in Figure 6.1 (b). This combination also scores 

over the existing combinations methods by using a Gd based garnet single crystal that makes it 

possible to efficiently detect neutrons in presence of other radiation. The high capture cross-section 
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of 155Gd and 157Gd isotopes ensures very high stopping efficiencies of thermal neutrons even in a 

thin disc of the GGAG crystal.   

Table 6.1 The important properties of both crystals used to build the phoswich detector. 

First crystal/Second Crystal  GGAG(Ce)/CsI(Tl) 

Decay times (ns)  55/1000 ns 

Peak Emission  550/550 nm 

Light Yield  55000/55000 ph/MeV 

Refractive index  1.89/1.8  

Physical property Non-hygroscopic / Slightly hygroscopic 

Encapsulation not required 

 

6.3 Results and discussion 

Figure 6.2 show the difference in the scintillation decay times measured with alpha and gamma 

radiations incident on CsI:Tl and GGAG:Ce,B single crystals respectively.  

 

Figure 6.2 Scintillation decay curves measured with alpha and gamma irradiations on (a) CsI:Tl 

and (b) GGAG:Ce,B single crystals. 

The scintillation decay measured for single crystals of CsI:Tl and GGAG:Ce,B have more than 

one exponential components. The ratio of these components gets significantly affected by the mode 



92 

 

92 
 

of excitation. The charged particles like alpha generate higher ionization excitation density that 

consequently affects the decay kinetics of the relaxation. This higher ionization density usually 

quenches the emission and makes the decay time faster in comparison with that measured with 

gamma radiation as observed in CsI:Tl single crystals. However, the effect was found to be opposite 

in GGAG crystals where alpha radiation slows down the scintillation decay in comparison to gamma 

radiation as seen in the Figure 6.2 (b) and also reported by Rawat et al [22]. This opposite manner 

of the decay time dependence on mode of excitation in addition to the large difference of the mean 

time observed for both the crystals, can have a significant effect on the scintillation mechanism of 

the phoswich combination. Therefore, the phoswich combination was fabricated by coupling the 

fast GGAG scintillator in front followed by the CsI crystal having relatively slower decay time at 

the back end. The alpha radiation has been effectively stopped in the front crystal even with a 

thickness as small as less than 1 mm. The light emitted in the front crystal peaking at around 550 

nm passes through the second crystal effectively without significant attenuation. Figure 6.3 

represents the scintillation decay curve measured with the GGAG:Ce,B/CsI:Tl phoswich irradiated 

with the alpha and gamma sources.  

 

Figure 6.3 The scintillation decay curves measured with alpha and gamma radiations falling on 

GGAG:Ce,B/CsI:Tl phoswich detector. 

The change in the relative ratio of the fast and slow component of the decay curve with the 

types of radiation cause the difference in the decay curves for different types of radiation. The 
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difference of decay times was observed to have significantly improved in comparison with that 

measured with single scintillator of GGAG or CsI. The fitted decay components (τ) along with their 

relative amplitude ratio (A) for alpha and gamma along with the mean decay time of the individual 

scintillator and GGAG:Ce,B/CsI:Tl phoswich are presented in Table 6.2. The mean decay times has 

been calculated using Eq. (2.6). The difference in mean life times of alpha and gamma radiations 

gives us a general idea on the PSD capability of the scintillator.  

The decay from the front crystal has the contributions from alpha and gamma irradiations while 

the CsI crystal mainly has decay time contribution due to gamma irradiations only. The combination 

generates a combined effect on the decay times and improves the difference of the mean decay times 

measured with different kinds of irradiation. This dependence can be utilized in various pulse-shape 

discrimination techniques to distinguish different kinds of incident radiation.  

Table 6.2 The scintillation decay times and relative ratio for alpha and gamma irradiations on 

individual single crystals and phoswich. 

We have made a portable setup by employing a desktop digitizer which is based on the charge 

integration method where the charges are collected and integrated in short and long gates based on 

the decay times. A photograph of the actual setup is shown in Figure 6.1 (b). Figure 6.4 (a) and (b) 

represents the discrimination of alpha and gamma radiations by employing GGAG and CsI crystals 

respectively. The PSD parameter as defined in Eq. (2.8) and measured by integrating the charges in 

short and long gates is plotted on X-axis and Y-axis represents the ADC channel numbers which 

can be calibrated for the energies. The alpha irradiations on GGAG crystals give higher values of 

 Decay components  Mean Decay time 

(ns) 

Alpha Gamma Alpha Gamma 

GGAG:Ce,B τ  (ns) 104 501 61 488 422 275 

A 0.58 0.48 1.1 0.14 

CsI:Tl τ  (ns) 320 762 778 3506 650 1966 

A 0.35 0.44 0.67 0.12 

Phoswich τ (ns) 73 776 46 712 2982 469 1719 

A 0.007 0.0009 0.004 0.003 0.0007 
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PSD due to the slower decay in comparison with that observed for gamma irradiations. However, 

in case of CsI crystals the lower band represents the alpha irradiations. 

 

Figure 6.4 PSD parameters measured for alpha and gamma irradiations on (a) GGAG and (b) CsI 

single crystals. 

 

Figure 6.5 Alpha and gamma discrimination ability of the GGAG/CsI phoswich combination 

presented by measuring the PSD ratio method. 
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Figure 6.5 presents the discrimination ability of our phoswich combination. It can be observed 

from the figure that the difference between alpha and gamma bands has become more than double 

than what is measured with individual single scintillators. The selection of short and long gates plays 

a vital role in the increment of PSD power of phoswich detector. Short gate is adjusted such that 

alpha radiations gets completely absorbed in the GGAG single crystal with less contribution from 

gamma radiations.  Hence, in Figure 6.5 the lower PSD value in Y axis is mainly due to alpha 

radiation contribution in the decay time of GGAG scintillator. While the long gate contains the 

contribution due to gamma irradiation in CsI scintillator resulting in the higher PSD value in Y-axis. 

Therefore, this opposite behaviour in decay times of alpha and gamma radiations in GGAG and CsI 

crystals observed in Figure 6.2 has stemmed into the overall improvement of PSD ability of this 

GGAG/CsI phoswich detector. It may also be noted that these measurements were carried out with 

the simultaneous irradiation from alpha and gamma sources and data were recorded online. Further 

data processing and use of more advanced techniques may further improve the discrimination. 

Figure 6.6 shows the discrimination ability for gamma radiations falling on the front and back 

crystals of the phoswich detector by plotting of the PSD parameters and ADC channel numbers.  

 

Figure 6.6 The PSD parameter for gamma radiation falling on the phoswich detector. The 

interaction of gamma in front and back crystals is well discriminated. 
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     A large discrimination for gamma radiations is observed and it can also be attributed to the 

opposite behavior of alpha and gamma irradiations in GGAG and CsI scintillators. This excellent 

discrimination of the similar type of radiation (gamma) interacting in the front and back crystals 

opens a large scope of applications. One of the major applications is the depth of interaction (DOI) 

information in the imaging applications which would improve the spatial resolution significantly. 

Therefore, the phoswich combination could also be used for radio-xenon measurements for nuclear 

applications [23]. The gamma-gamma discrimination also makes it possible to fabricate a Compton 

suppressed detector to detect low energy gamma radiation in presence of high energies which is 

otherwise not possible to detect due to merging in the Compton backgrounds. This further increases 

the application of present versatile phoswich combination. Moreover, the presence of Gd i.e. 155Gd 

and 157Gd isotopes in GGAG with very high thermal neutron capture cross-section can efficiently 

stop neutrons in a very thin disk. These isotopes generate low energy conversion electrons, X-rays 

and continuum gamma through (n, γ) reaction during the de-excitation after the interaction with 

neutrons. We have recently reported the performance characteristics of GGAG scintillators for 

thermal neutrons [24].  

Due to the excellent discrimination of these neutron induced gamma in GGAG crystals with 

the background gamma mainly depositing energy in relatively larger back crystals makes it a 

promising candidate to discriminate neutrons in mixed field radiations. Therefore, this phoswich 

combination numerous applications for simultaneous detection of different kinds of radiation. 

Figure 6.7 exhibits the 2-D plot of the PSD curves along the X-axis by plotting the PSD values. The 

FOM describes the ability of the detector to discriminate different radiations. Figure 6.7 shows the 

improvement of FOM by more than twice in phoswich detectors in comparison with that of observed 

in CsI or GGAG crystals individually.  

Table 6.3 gives the FOM values of individual as well as of phoswich detector calculated from 

the Eq. (2.7). It may be noted that these FOM were measured for both crystals and phoswich 

combination by using an identical setup (digitizer) and method. There are different methods and 

setups have been reported for the measurement of FOM. It can be certainly improved further with 

the help of more optimized electronics and data acquisition systems. 
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Figure 6.7 The PSD parameters in terms of FOM for the discrimination of (a) alpha and gamma on 

GGAG crystal (b) alpha and gamma on CsI crystal (c) alpha and gamma on phoswich 

combination, and (d) gamma and gamma falling on phoswich combination. 

Table 6.3 The FOM values of GGAG, CsI and phoswich detectors for alpha- gamma and gamma-

gamma separation. 

Crystal Alpha-Gamma Gamma-Gamma 

GGAG:Ce,B 1.24 -- 

CsI:Tl 1.73 -- 

Phoswich 3.21 5.09 

 

6.4 Summary 

A novel phoswich detector having a combination of two non-hygroscopic single crystal 

scintillators comprising of garnet and halide was developed to detect various kinds of radiation 

including alpha, gamma neutrons, etc. The large difference and opposite behaviour of decay times 

of alpha and gamma radiations in GGAG:Ce and CsI:Tl crystals significantly improved the 
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discrimination ability of the phoswich. Therefore, this novel phoswich combination has an enhanced 

“figure-of-merit” to discriminate different radiations by more than 100% in comparison to when 

crystals are used individually. In addition, the gamma radiation interaction in front and back crystals 

could be well discriminated that enables to measure depth of interaction (DOI) useful in imaging 

applications. This versatile phoswich detector also makes it possible to discriminate thermal 

neutrons due to the presence of Gd in the front crystal. 
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CHAPTER 7 

Summary and Conclusion 

____________________________________________________________ 

This chapter presents the summary of thesis work along with the future scope. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



104 

 

104 
 

7.1 Summary 

The present thesis work involves the extensive studies on PSD and detection efficiency of 

GGAG:Ce scintillator. In particular, we focussed our attention on PSD ability of this scintillator for 

alpha particles and gamma rays using a compact digitizer. A comparison of PSD ability of 

GGAG:Ce with CsI:Tl was made. Their PSD characteristics for gamma rays and alpha radiations 

were studied by employing digitizer and zero crossover setup. GGAG:Ce,B detector showed better 

PSD performance as compared to the CsI:Tl crystal coupled to a PMT. FOM values for GGAG:Ce,B 

and CsI:Tl crystals when coupled to a PMT are 3.42 and 2.41 respectively using digitizer. ZCT of 

87.06 ns was demonstrated by GGAG:Ce,B scintillator compared to 60.53 ns by CsI:Tl. When 

crystals were coupled to a SiPM, CsI:Tl showed FOM value of 2.8 and GGAG:Ce,B has showed 

1.7. Due to the mismatching of spectral frequencies between GGAG:Ce,B scintillator and SiPM 

along with afterpulsing resulted in lower values of FOM.  

For the application of GGAG:Ce in gamma spectroscopy, detailed realistic Monte Carlo 

simulations of absolute efficiencies (both total detection and photo-peak) of GGAG:Ce scintillator 

for gamma rays up to energy of 5 MeV and for different values of source-to-detector separation 

were carried out. Simulations were also made with different scintillators (LaBr3:Ce, NaI:Tl, CsI:Tl, 

BaF2 and SrI2:Eu) for comparison. In order to validate these simulations, we have made 

experimental measurements with GGAG:Ce, CsI:Tl and BaF2 detectors having dimensions of 18 

mm × 18 mm × 10 mm, 25.4 mm ×10 mm and 30 mm × 30 mm respectively and for different values 

of source-to-detector separation considering 137Cs source.  For  GGAG:Ce scintillator of dimensions 

18 mm × 18 mm × 10 mm, TDE and PE are found to be (9.22±0.01)% and (3.77±0.01)% 

respectively. Similarly, for a cylindrical GGAG:Ce scintillator  of dimensions 24 mm × 19 mm, the 

TDE and PE are found to be (19.79±0.01)% and (8.08±0.01)% respectively.  The simulation and 

experimental values are in good agreement and the errors associated with them are within the data 

points. 

 The PSD capabilities were observed to depend on the presence of co-doping in GGAG:Ce 

scintillators. B co-doping in GGAG:Ce single crystal was found to have better PSD properties in 

comparison to Ca co-doped crystals while α⁄γ ratio indicated the maximum quenching in Ca co-

doped crystals. PSD properties are highly dependent on the crystal’s scintillation kinetics. In order 

to understand the PSD behaviour of GGAG:Ce single crystals, it is important to investigate the 

scintillation kinetics of these crystals. The scintillation mechanism of oxide scintillators including 

GGAG:Ce is dependent on their defect structure. We use a novel approach of OSL to investigate 
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the role of defect structure using infrared, green and blue light. The IRSL, GSL and BSL emissions 

confirm the presence of deeper trap centres in Ca co-doped crystals while Ce only doped crystals 

have more shallow traps. The OSL studies, thus, throw light on the cumulative contribution of 

ionization density and defect centres on the scintillation kinetics of GGAG:Ce single crystals. The 

opposite behaviour and large difference in decay times of alpha and gamma radiations of these 

crystals significantly improved the discrimination ability of the phoswich. This results in an 

enhanced FOM which can discriminate different radiations by more than 100% in comparison to 

when crystals are used individually. A high FOM of 5.9 is measured for the gamma radiation 

interaction in front and back crystals, thus enabling the accurate measurements of DOI useful in 

imaging applications. This unique combination is also equipped to detect thermal neutrons along 

with the charged particles and gamma rays due to the presence of Gd isotope. 

7.2 Important points of thesis work 

The overall thesis work can be summarized in the following important points: 

 For the first time, we have reported that the behaviour of scintillation decay times of alpha 

particles and gamma radiations in CsI:Tl and GGAG:Ce,B scintillators were opposite to each 

other.  

 GGAG:Ce,B coupled to PMT demonstrated a high FOM of 3.42 and zero-crossing time of 87 

ns compared to 2.41 and 60 ns for CsI:Tl coupled to PMT. 

 For the first time, we have carried out detailed experimental measurements and Monte Carlo 

simulations on absolute efficiency of GGAG:Ce scintillator for gamma rays. The results have 

clearly established beyond any doubt that GGAG:Ce scintillator is more efficient than  

LaBr3:Ce, NaI:Tl, CsI:Tl, BaF2 and SrI2:Eu. 

 Effect of co-doping on PSD ability of GGAG:Ce single crystal scintillator has been studied in 

detail.  

 A novel approach of optically stimulated luminescence (OSL) using infrared, blue and green 

light has been proposed to study the presence of defect centres in GGAG:Ce scintillators.  

 For the first time, we have reported measurements with a new phoswich detector consisting of 

a novel combination of GGAG:Ce,B and CsI:Tl single crystals, both non-hygroscopic, having 

very high FOM for discriminating alpha and gamma radiations. 
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7.3 Future scope of thesis work 

 Charged particles and gamma radiations decay times trend can be tested and compared in other 

halide and oxide scintillators for studying the scintillation kinetics.  

 Understanding the PSD performance of GGAG:Ce,B detector for lighter and heavier charged 

particles along with gamma rays for a wide range of energies for high energy physics 

experiments. 

 Energy dependent efficiency studies of large volume GGAG:Ce scintillator for gamma energies 

up to 20 MeV.  

 Extending the OSL approach to further study the scintillation kinetics in other oxide garnets 

such as YAG, LuAG etc having defect centres.  

 Broadening the application field of GGAG:Ce to thermal neutron detection. 

 To perform GEANT4 simulations of our phoswich detector design for mixed field detection. 

 To test the PSD ability of GGAG:Ce,/CsI:Tl phoswich for the next generation Positron 

Emission Tomography material owing to its high FOM for gamma interactions. 

 


