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CHAPTER 1 

INTRODUCTION 

1.1 Radiation and its detection 

1.1.1 Classification of radiation 

Radiation is the quantized emission of energy in the form of particles, or, equivalently, waves. 

It can be broadly categorized as either (i) non-ionizing or (ii) ionizing. Ionizing radiation 

carries enough energy to ionize matter, whereas non-ionizing radiation, e.g., photons of 

visible light (VIS), infrared (IR), microwave, radiofrequency, etc., does not have sufficient 

energy to cause ionization. Ionizing radiation can be further subdivided into two broad 

categories depending on how they ionize matter, viz. (i) directly ionizing or charged 

particulate radiation and (ii) indirectly ionizing or uncharged radiation. Directly ionizing 

radiation consists of either (i) fast electrons, e.g., beta particles (β-/e-) or positrons (β+/e+) 

having nuclear origin or high energy electrons produced by other processes, or (ii) heavy 

charged particles, e.g., alpha particles (α), protons (p), fission fragments or any other heavy 

ions. Indirectly ionizing radiation can be categorized into (i) electromagnetic radiation, e.g., 

X-rays and gamma (γ) rays and (ii) (fast or slow) neutrons (n) [1]–[3]. 

1.1.2 Interaction of radiation with matter 

Directly ionizing radiation causes ionization or excitation via Coulomb force interactions 

with the electrons of the interacting matter. Fast electrons, in addition to the above, may lose 

their energy via radiative losses (Bremsstrahlung). Electromagnetic radiation interacts with 

matter via Rayleigh (elastic) scattering, photoelectric effect, Compton (inelastic) scattering 

and pair production. Neutrons interact via scattering (elastic and inelastic) and nuclear 

reactions, e.g., (n, α), (n, p), (n, γ), (n, f) etc. [1]–[3]. The net result of interaction of any 

ionizing radiation with matter is ionization (and excitation, which may be followed by 
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secondary ionization) of atoms or molecules of the matter, and the collection of these ion 

pairs forms the basis of any radiation detector [1]. 

1.1.3 Modes of detector operation 

Radiation detectors are normally used in three different modes, namely, (i) pulse mode, (ii) 

current mode and (iii) mean square voltage (MSV or Campbelling [4]) mode [1]. In pulse 

mode, each radiation quantum interacting with the detector is recorded. This mode is used for 

radiation spectroscopy or pulse counting. In current mode, the time-averaged current from the 

detector is measured. This mode is useful for very high event rates where pulse counting 

becomes inapplicable due to pulse pile-up. In the MSV mode, the recorded signal is 

proportional to the product of the event rate and the square of the charge produced in each 

event. This mode is useful for measurements in radiation fields containing more than one 

type of radiation [1]. 

1.1.4 Types of radiation detectors 

Radiation detectors are broadly classified in terms of the nature of the detection medium as (i) 

gas-filled detectors, (ii) scintillation detectors and (iii) semiconductor diode detectors [1]. 

1.1.4.1 Gas-filled detectors 

Gas-filled detectors rely on the interaction of ionizing radiation with gas molecules [1] and 

are further categorized based on the region of operation into (i) ionization chambers [5]–[8], 

(ii) proportional counters [5]–[8] and (iii) Geiger-Mueller (GM) counters [6]–[9]. In 

ionization chambers, all the ion pairs formed in primary ionization are collected. They are 

used in current mode in radiation survey instruments, radiation source calibrators, 

measurement of radioactive gases, remote sensing of ionization, etc. and in pulse mode for 

charged particle spectroscopy. Secondary ionization is allowed in proportional counters, 

keeping the gas multiplication factor constant. Proportional counters are used for α, β and 

fission fragment counting (gas flow type), neutron counting (3He or BF3 filled), detection and 
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spectroscopy of soft X-rays (end window type) and γ-rays with Xe or Kr filling, dosimetry 

(tissue equivalent proportional counters), position sensing, etc. In GM counters, the entire gas 

volume is ionized for each primary event, irrespective of the energy of the primary. Therefore, 

they can be used only for pulse counting because the energy information is lost. The pulse 

amplitudes from these detectors is large and normally do not require any external 

amplification, unlike the ionization chambers and the proportional counters. Therefore, the 

GM counters are simple, low cost and easy to operate. They are typically used in radiation 

survey meters, counting of active samples etc. [1]. 

1.1.4.2 Scintillation detectors 

Scintillator materials, upon excitation by ionizing radiation and the subsequent relaxation, 

gives rise to scintillation photons. These photons are sensed by a coupled photodetector that 

results in the required electrical signal. An ideal scintillator should have high conversion 

efficiency of ionizing radiation energy into scintillation photons. The light yield should be 

proportional to the deposited energy. The scintillating medium should be transparent to its 

own emission and its refractive index should be near to that of glass, i.e., 1.5. The decay time 

should be short. Further, the scintillation material should be of good optical quality and 

available in large sizes [1], [10]. 

1.1.4.2.1 Organic scintillators 

Organic scintillators scintillate owing to their π-electron structure. These are typically fast 

scintillators and are capable of pulse shape discrimination (PSD) between different types of 

ionizing radiation owing to their decay times that are dependent on the type of the exciting 

radiation. Some of the examples of this class of detectors are (i) pure organic crystals, e.g., 

Anthracene, Stilbene, (ii) solutions of organic scintillators in appropriate solvents, e.g., liquid 

scintillators for α or β counting, (iii) plastic scintillators, (iv) thin film scintillators, (v) high 
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atomic number (high Z) loaded organic scintillators for gamma detection or GdNO3 loaded 

organic scintillators for neutron detection [1], [10]. 

1.1.4.2.2 Inorganic scintillators 

The electronic band structure of inorganic scintillators, arising due to their crystalline 

structure, determines their scintillation mechanism. Upon absorption of energy from ionizing 

particles, electrons get excited from the valence band to the conduction band. Their return to 

the valence band leads to the emission of scintillation photons. There are, however, other 

competing processes for this de-excitation that make the scintillation process rather 

inefficient. Also, the band gap may be such that the emitted photons are often in the 

ultraviolet (UV) regime. These two limitations are usually taken care of by intentionally 

adding small concentrations of dopants to the pure inorganic scintillator crystal. Addition of 

these dopants creates electronic energy levels (called activator states) in the otherwise 

forbidden region of the pure crystal. Electronic de-excitation through these activator states 

increases the probability of visible light emission [1], [10], [11]. Figure 1.1 shows the energy 

band diagram of an activated scintillator [1]. 

 

Figure 1.1: Electronic band diagram of an activated inorganic crystal scintillator [1]. 

No inorganic scintillator simultaneously has all the ideal properties required for a 

particular application. There is always a tradeoff and the particular scintillator with the most 

favorable properties for the application needs to be chosen [1]. 
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1.1.4.2.2.1 Alkali halides 

Among inorganic scintillators, the alkali halide NaI(Tl) is the oldest [12] and the most widely 

used even today [1], [13]–[16], largely due to its high effective atomic number (Zeff), high 

light yield and availability in large sizes at relatively low cost. It has a high light yield which 

is significantly nonproportional at low energies [1], [11], [17]. The light yield decreases at 

elevated temperatures [18]–[20]. The decay time of NaI(Tl) is slow and may limit its 

applicability at high count rate situations [1]. NaI(Tl) is hygroscopic, and, hence, needs to be 

encapsulated in an airtight container [1], [10]. NaI(Tl) crystals are fragile. Polycrystalline 

NaI(Tl), made by recrystrallizing small single crystal ingots under heat and pressure, are 

found to have equivalent scintillation properties as single crystal NaI(Tl), but are more 

rugged and therefore, can be used for harsh environments where thermal and mechanical 

shocks are likely to be encountered [21], [22]. Li co-doped NaI(Tl) can detect gammas as 

well as neutrons with very good PSD capabilities [23]. Pure NaI is a fast scintillator but its 

light yield is very poor. The light yield improves significantly at liquid nitrogen (LN2) 

temperature (77 K) [1], [24]. 

CsI(Tl) [25] is another popular alkali halide scintillator. It offers compactness due to 

its higher Zeff. It is less brittle and less hygroscopic than NaI(Tl). Its light yield is higher than 

that of NaI(Tl) [1], [16], [26]. But its scintillation emission spectrum, peaking at the green 

region, does not match well with the spectral response of conventional photomultiplier tubes 

(PMTs) with bialkali photocathodes, and hence, results in lower pulse-heights when coupled 

with them. However, the emission spectrum matches well with the spectral response of 

silicon based photodetectors, resulting in compact, low voltage spectrometry devices, 

eliminating the need of conventional PMTs [1]. It is a very slow scintillator compared to 

NaI(Tl) [27]. However, its decay time is dependent on the type of exciting radiation, and as a 

result, it has good PSD capabilities [28]–[33]. CsI(Na) has a higher light yield than NaI(Tl) 
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and its emission spectrum is similar to that of NaI(Tl), but its decay is very slow [34] and it is 

hygroscopic [1]. 

The alkali halide LiI(Eu) is important for neutron detection owing to the 6Li (n, α) 

reaction [1], [35], [36]. 

1.1.4.2.2.2 Other slow inorganic scintillators 

Bi4Ge3O12 (BGO) is an intrinsic (undoped) scintillator which has the highest photoelectric 

absorption cross-section per unit volume among common inorganic scintillators, owing to its 

very high density and high Zeff [1]. It is also available in large sizes but its low light yield, 

high refractive index and slow decay time make it a poor scintillator as far as energy and time 

resolution are concerned [37]. CdWO4 and CaWO4 also have high density, high Zeff, as well 

as greater light yield as compared to BGO, but are extremely slow [38]–[43]. This means that 

their use in pulse mode for spectrometry is limited to small counting rate applications only. 

They are mostly used in current mode for X-ray detection and radiography. ZnS(Ag) is a 

polycrystalline (powder) scintillator with high scintillation efficiency, used as thin screens for 

α and heavy ion detection [1], [44]. CaF2(Eu) is an inert scintillator used at severe 

environmental conditions. It has a good light yield but a very long decay time [1], [45], [46]. 

SrI2(Eu) is a newly identified scintillator with an excellent light yield and, consequently, a 

very good energy resolution [47], [48]. It is free from intrinsic radioactive contamination and 

is found to have low nonproportionality. However, it has a slow decay time that limits its 

application to high counting rate applications [1]. 

1.1.4.2.2.3 Undoped fast inorganic scintillators with low light yield  

BaF2 is a pure scintillator with high Zeff and high density but a low light yield [49]–[51]. It 

has a fast component [52]–[55] of the scintillation decay that emits UV photons. The energy 

resolution achievable with this scintillator is usually poor and the slow component of the 

decay poses a few problems in timing applications involving high counting rates [1]. Pure CsI 
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has a low light yield and a complex emission spectrum with a mixture of fast and slow 

components [1], [56]–[58]. When cooled to LN2 temperature, its scintillation properties 

improve a lot [1], [59]. CeBr3 is a new scintillator with high density and high Zeff, excellent 

light yield, sharp rise time and fast decay time [1], [60], [61]. Therefore, it offers excellent 

timing resolution as well as energy resolution, and consequently, may become a popular 

choice in high counting rate coincidence measurements. PbWO4 is a pure scintillator with a 

fast decay time but an extremely low light yield [1], [62]. It has been especially developed for 

the electromagnetic calorimeter of the Compact Muon Solenoid (CMS) facility [1], [63]. 

1.1.4.2.2.4 Ce-activated fast inorganic scintillators 

Rare earth (Y, La, Gd and Lu) halides and some of the rare earth oxides, when activated with 

Ce, usually result in very good light yield due to the electronic transition from the 5d to the 4f 

states of the Ce activator. The decay time of this transition is usually intermediate between 

the fast organic scintillators and the typically slow inorganics [64]. The high Zeff and high 

density of this class of scintillators is also extremely useful for gamma spectrometry. In 

addition, the presence of 157Gd (which has a very high neutron absorption cross-section) in 

Gd-based scintillators means that they have the potential to be used as efficient neutron 

detectors [1]. 

1.1.4.2.2.5 Rare earth oxyorthosilicates 

Rare earth oxyorthosilicates, namely, Y2(SiO4)O:Ce (YSO:Ce), Gd2(SiO4)O:Ce (GSO:Ce), 

Lu2(SiO4)O:Ce (LSO:Ce), LuxGd2-x(SiO4)O:Ce (LGSO:Ce) and LuxY2-x(SiO4)O:Ce 

(LYSO:Ce) are useful in various applications [1]. YSO:Ce has a moderate light yield [65], a 

good energy resolution [66], and a fast decay time [67] but its relatively low Zeff and low 

density [68] compared to other scintillators in this class limits its applicability to gamma 

spectrometry. GSO:Ce [69], [70] overcomes these problems and also offers very good 

radiation hardness [71]. Doping concentration and co-doping are found to have significant 
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effects on its scintillation properties [1], [72]. LSO:Ce offers high Zeff and high density 

combined with a high light yield and a short decay time [73], but the nonproportionality of 

light yield [74] and the presence of 176Lu that adds a significant amount of internal 

radioactivity are the major drawbacks of this scintillator [1]. LGSO:Ce has lower afterglow 

than LSO:Ce and also offers better energy resolution than LSO:Ce and LYSO:Ce. LYSO:Ce, 

with various proportions of Lu and Y, blends the favorable properties of LSO:Ce with those 

of YSO:Ce [75]. 

1.1.4.2.2.6 Rare earth pyrosilicates 

Rare earth pyrosilicates, namely, Gd2Si2O7:Ce (GPS:Ce) and Lu2Si2O7:Ce (LPS:Ce) have 

good combination of scintillation and stopping power properties [1]. The former has issues 

related to growth of its single crystals [76], whereas the latter has nonproportionality related 

problems [77], [78]. 

1.1.4.2.2.7 Rare earth aluminum perovskites 

Rare earth aluminum perovskites, namely, YAlO3:Ce (YAP:Ce), LuAlO3:Ce (LuAP:Ce) and 

the composite LuxY1-xAlO3:Ce (LuYAP:Ce) have some very good scintillation properties [1], 

[79]. YAP:Ce has a very good light yield that is remarkably free from nonproportionality [80], 

a very fast decay time, and an excellent combination of mechanical and chemical properties 

like hardness, inertness and strength that result in very good energy resolution and timing 

resolution as well as ease in crystal growth and handling [1]. The light yield and the energy 

resolution are, however, seen to deteriorate with increase in crystal dimensions [79], [81]. 

Substituting Lu for Y results in very high stopping power for gamma rays as well as 

scintillation properties very similar or even better to those of YAP:Ce [1], [82]. The internal 

contamination due to 176Lu, the self-absorption of scintillation emission by the crystal, and 

the challenges associated with the growth of large single crystals, however, pose significant 
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difficulties at present with the development of LuAP:Ce [1], [83]. LuYAP:Ce is easier to 

manufacture but the self-absorption is increased with respect to LuAP:Ce [1]. 

1.1.4.2.2.8 Rare earth aluminum garnets 

Rare earth aluminum garnets, namely, Y3Al5O12:Ce (YAG:Ce) [84], [85] and Lu3Al5O12:Ce 

(LuAG:Ce) [86]–[88] are non-hygroscopic and offer good light yield and fast decay times. 

Their emission spectra are similar to that of CsI(Tl), resulting in the development of gamma 

spectrometers with silicon based photodetectors [1]. The relative intensities of the fast and the 

slow components of the scintillation decay depend on the type of ionizing radiation. This 

results in good PSD properties of these crystals. LuAG:Ce, by virtue of its high mechanical 

and chemical stability, can be machined into various shapes and sizes as per requirement. 

Another rare earth composite aluminum garnet that has recently been discovered is 

Gd3Ga3Al2O12:Ce (GGAG:Ce) [89], [90]. It has high Zeff, high density, high light yield, fast 

decay time, good energy resolution [91] as well as good PSD capabilities [92]. It is also non-

hygroscopic and its emission peaks at the green region, like that of CsI(Tl). Therefore, it has 

the potential to be coupled with silicon based photodetectors in order to develop compact 

spectrometric devices [93]. Co-doping GGAG:Ce results in modifications of its scintillation, 

optical and timing characteristics. GGAG:Ce, co-doped with B (GGAG:Ce,B) is the brightest 

single crystal oxide scintillator [92]–[98]. 

1.1.4.2.2.9 Lanthanum halides 

LaCl3(Ce) [101] and LaBr3(Ce) [102] are the most attractive modern alternatives to NaI(Tl) 

owing to their higher Zeff and higher densities, higher light yield, much faster decay times, 

emission wavelengths well matched to conventional photocathodes, and much better energy 

resolution [103], [104]. LaBr3(Ce) is commercially available nowadays [105], [106] with 

dimensions good enough for gamma spectrometry and offer better energy resolution 

compared to its competitive scintillator materials. The energy resolution achievable with 
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LaBr3(Ce) is as low as approaching the Poisson statistical limit. This is due to the extremely 

low nonproportionality of the scintillation response of this material. Its characteristics are 

also well suited for applications involving high count rates. The two major shortcomings of 

this scintillators are (i) the presence of internal contamination from 138La and 227Ac (Ac is a 

chemical analogue of La) [107]–[113] and (ii) the hexagonal crystal structure that leads to 

anisotropic thermal expansion resulting in internal stresses and, consequently, cracking of the 

crystals when they are cooled after growth [1]. LaBr3(Ce) is even more hygroscopic than 

NaI(Tl), leading to further difficulties in the growth process. As a consequence, LaBr3(Ce), at 

present, is significantly more costly compared to NaI(Tl). Although the 227Ac concentration 

has been suppressed with advancement in crystal growth technologies, 138La is naturally 

present and results in a signature background spectrum. This limits the applicability of 

LaBr3(Ce) to low counting rate scenarios, e.g., environmental gamma spectrometry. 

LaBr3(Ce), in addition, shows good radiation hardness [114], [115] and its light yield and 

energy resolution are more or less constant over a wide temperature range [116]. However, its 

PSD capabilities are poor [117]. Sr co-doped LaBr3(Ce) retains most of the scintillation 

properties of LaBr3(Ce), while improving the energy resolution [106]. LaBr3-xClx(Ce) has 

better mechanical properties and similar scintillation characteristics to those of LaBr3(Ce) 

[118]. 

1.1.4.2.2.10 Lutetium halides 

Lutetium halides, specifically LuI3(Ce) and LuBr3(Ce), are promising scintillator materials 

[119], [120]. LuI3(Ce) has a very good light yield, fast decay time and a good energy 

resolution achievable [121], [122]. However, growth of its crystals with large enough 

dimensions continues to be an issue. LuBr3(Ce) has inferior properties compared to those of 

LuI3(Ce). The intrinsic background due to 176Lu remains a problem in these two crystals [1]. 
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1.1.4.2.2.11 Other halides 

GdI3(Ce) [119] and YI3(Ce) [122] have very high light yield, fast decay times and are free 

from internal radioactivity. In fact, their light yield are greater than that of LaBr3(Ce) and the 

nonproportionality is also found to be lesser. At present, however, their crystal qualities are 

not good enough to result in energy resolution better than LaBr3(Ce) [1]. 

1.1.4.2.2.12 Elpasolites 

Elpasolites are compounds having the chemical formula A2DEX6(Ce) (where A: Cs, Rb or K; 

D: Li or Na or a mixture thereof; E: La, Ce, Gd, Y, Lu or a mixture thereof; X: Cl, Br, I or a 

mixture thereof). Two of them are of particular interest, namely, Cs2LiLaBr6(Ce) and 

Cs2NaLaI6(Ce). They are cubic in crystal structure and, therefore, easy to fabricate, rugged, 

hygroscopic, and have generally high light yield and fast decay times [1]. Cs2LiLaBr6(Ce) 

can be used for simultaneous gamma and neutron detection and offer good PSD [123]. They 

have very good light yield proportionality and consequently result in very good energy 

resolution comparable to that of LaBr3(Ce). Cs2LiLaBr6-xClx(Ce) offers good energy 

resolution as well as good PSD capabilities. Cs2LiYCl6(Ce) and Rb2LiYBr6(Ce), owing to 

the presence of 6Li, are good candidates for neutron detection. The former has different decay 

times for n and γ, and, consequently, achieves n/γ discrimination by PSD [124]. The latter, on 

the other hand, does this by virtue of having different light yield, and, consequently, different 

pulse amplitudes, for n and γ [125]. 

1.1.4.2.2.13 Transparent ceramic scintillators 

Growth of large volume single crystal scintillators is often a very demanding and sometimes 

even an impossible process. An alternative is to develop transparent ceramics by sintering a 

powdered material into a polycrystalline solid. Some success has been achieved with 

YAG(Ce) and LuAG(Ce). These ceramics are found to have better light output than their 

single crystal counterparts [126], [127]. Ceramic (Y,Gd)3Al5O12(Ce) (GYAG:Ce) has also 
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been produced to increase the Zeff and density over YAG(Ce) [128]. In ceramic development, 

addition of higher concentrations of activator, co-doping, stoichiometry control, etc. are 

generally easier than in the growth of single crystals. However, loss of optical photons due to 

scattering at the grain boundaries reduces the transparency of the ceramics. This limits the 

suitability of ceramics production with only those materials that have cubic crystal structures 

and no birefringence [1]. 

1.1.4.2.2.14 Scintillating glasses 

Ce activated silicate glasses with Li or B loading are used for neutron detection [129]. Light 

output of the Li loaded glasses is much higher than that of the B loaded glasses. The emission 

is due to the electronic transitions between the Ce3+ activator states. Although their light 

output is much lower than conventional scintillators, these glasses are used in severe 

environmental conditions, e.g., when the scintillator must be exposed to corrosive chemicals 

or exposed to very high temperatures. Glasses are also available in a wide variety of physical 

forms, e.g., in the form of thin fibers or as a powder containing small spheres, among others. 

For neutron detection, usually Li enriched in 6Li is used, whereas for beta or gamma counting, 

the enrichment is not required. For small count rate applications just above the background, 

care must be taken to eliminate the naturally radioactive Th and K from the glasses [1]. Tb 

activated glasses are another class of glass scintillators that offer a much higher light output 

[130] with a very slow decay time that peaks around the green region. They are useful in X-

ray imaging applications. 

1.1.4.2.2.15 Noble gas scintillators 

When ionizing radiation passes through a pressurized volume of noble gases, molecular 

excitation occurs. The subsequent de-excitation gives rise to UV scintillation photons that are 

directly sensed by photodetectors with extended response in the UV region or, alternatively, 

are converted to visible photons by adding a secondary gas like N2 that absorbs UV and re-
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radiates in the visible region. The decay times are quite fast and the light yield is also quite 

high, but the loss of photons during conversion to visible light limits the effective light output. 

There are no constraint in the available shapes and sizes of noble gas scintillators. They have 

been widely used for heavy ion spectroscopy [1], [10]. 

1.1.4.2.2.16 Cryogenic liquid and solid scintillators 

The noble gas He can be condensed into liquid [131], whereas Ar, Kr and Xe can be 

condensed into liquids as well as solids [132] at cryogenic temperatures. These cryogenic 

liquids and solids generally have good light yield [133] with fast decay times that peaks in the 

UV region. In order to efficiently collect the scintillation photons at the photodetectors, the 

latter must also be maintained at cryogenic temperatures so that the density fluctuations in the 

scintillator due to temperature gradients near the photodetector do not lead to loss of the 

photons by virtue of scattering. Xe is the most suitable choice for gamma ray detection owing 

to its high Z. Ar is a low cost alternative that is used in large volume scintillators [1]. 

1.1.4.2.2.17 Scintillating fibers 

Some inorganic scintillators, e.g., Ce activated glasses loaded with Li, BGO, LSO:Ce, 

LYSO:Ce, YAP(Ce), YAG(Ce), LuAG(Ce), can be made in the form of thin fibers with 

scintillation photons travelling through them by virtue of total internal reflection [134], [135]. 

The fiber core is usually surrounded by a clad with a lower refractive index. Light may be 

sensed at both ends of the fiber. Light collection efficiency, however, depends on the losses 

of optical photons due to absorption in the bulk of the scintillator as well as on the losses 

during reflection at the core-clad interface [1]. 

1.1.4.3 Semiconductor diode detectors 

Semiconductor diode detectors offer solid detection media that are typically of the order of 

1000 times denser than gases. This results to compactness over gas-filled detectors. They also 

offer the best energy resolution among all types of detectors, owing to the lowest energy 
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(about 3 eV) required to generate an information carrier, compared to that required for a gas 

(typically of the order of 30 eV) or a scintillator (typically of the order of 100 eV or more). 

Semiconductors also offer fast timing characteristics. However, they are generally more 

susceptible to radiation damage than other types of detectors. A semiconductor diode detector 

is usually made by using a detector grade highly pure semiconductor with high resistivity and 

then forming p- and n-type contacts on its opposite ends. Highly pure semiconductors may be 

available only in small sizes, thereby limiting the achievable detector dimensions. 

Semiconductors usually have a band gap of nearly 1 eV. Electron-hole pairs are generated 

upon the passage of ionizing radiation through the detector. A reverse bias is applied across 

the p-n junction in order to suppress the leakage current and to collect the radiation-induced 

charge carriers at the opposite electrodes. This forms the basic electrical signal. 

Among natural semiconductor materials, Si has a band gap of 1.1 eV at room 

temperature (300 K) which is larger than that of Ge (0.7 eV). Therefore, the thermally 

generated leakage current in Ge is higher than that in Si at room temperature. Si diodes can 

be used at room temperature (although their performance generally improves with cooling) 

but Ge detectors need to be operated at LN2 temperature. Si diodes are primarily used for 

charged particle and X-ray spectroscopy as well as for personnel monitoring. They can also 

be used in the photovoltaic mode that does not require the application of a reverse bias and 

the charge carriers are simply collected by the contact potential existing across the junction. 

Depletion layer thicknesses of Si diodes are limited to typically less than a few millimeters. 

Thicker detectors with required high resistivity, however, may be formed by Li-ion drifting, 

resulting in Si(Li) detectors, that are used for low energy photon spectroscopy and electron 

spectroscopy.  

Similar configuration existed for Ge detectors, namely the Ge(Li) detectors, before 

the high purity germanium (HPGe) configuration was realized by the zone-refining technique. 

14 



While Si(Li) and Ge(Li) detectors must be continuously maintained at LN2 temperature 

during operation as well as storage in order to prevent the Li ion redistribution, HPGe 

detectors can be stored under room temperature between operations. HPGe detectors offer the 

best energy resolution among all detectors for gamma spectrometry and are available as large 

volume detectors. The higher Z of Ge (32) is also an advantage over Si (Z = 14) when it 

comes to gamma spectrometry. 

Compound semiconductors, namely, CdTe, HgI2, Cd1-xZnxTe (CZT) etc. have high 

Zeff, high density and large band gap, permit room temperature operation, but offer energy 

resolution values that are typically one order of magnitude poorer than that achievable with 

HPGe, and are available in much smaller sizes compared to HPGe [1]. 

1.2 Photodetectors 

1.2.1 An overview 

Photodetectors are photon sensors that convert photons into a measurable electrical signal 

whose amplitude is proportional to the photon intensity. They can be sensitive to UV, VIS or 

near IR (NIR) photons and are, therefore, useful in various fields like optical spectroscopy, 

laser related measurements, astronomy, etc. When coupled to scintillators, they convert the 

scintillation photons into a proportional electrical signal, thereby making it possible to 

perform radiation detection and spectroscopy with scintillators. There are generally two types 

of photodetectors, namely, (i) PMTs and (ii) silicon based solid state photodetectors. The 

latter can be subdivided into three categories: (i) silicon photodiodes, (ii) avalanche 

photodiodes (APDs) and (iii) silicon photomultipliers (SiPMs). PMTs are the oldest and the 

most widely used even today, performing remarkably well in converting the weak light 

signals from scintillators into amplified electrical signals without introducing much noise. 

Silicon based photodetectors, on the other hand, are relatively new developments. They offer 

advantages like compactness, low power and low voltage operation, ruggedness and 
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insensitivity to magnetic fields. However, the signal to noise ratio (SNR) provided by them 

remains a concern [1]. 

1.2.2 Photomultiplier tubes (PMTs) 

1.2.2.1 Construction 

A simplified structure of a PMT [136], [137] is depicted in Figure 1.2. 

 

Figure 1.2: Basic construction of a PMT.  

It is basically a vacuum tube with a glass enclosure, having (i) a photocathode that absorbs 

photons and emits photoelectrons, (ii) focusing electrodes for efficiently collecting the 

photoelectrons at the first dynode, (iii) a coupled electron multiplication structure consisting 

of multiple dynodes maintained at progressively increasing voltages, thereby providing 

amplification of the photoelectron signal, and (iv) an anode for collecting the amplified signal. 

A high voltage (HV) source and a resistive voltage divider network are also included in the 

design for proper biasing of the photocathode and each successive dynode up to the anode. 

Either the photocathode is grounded and a positive HV is applied to the anode, or, 

alternatively, the anode is grounded and a negative HV is applied to the photocathode. As the 

electron trajectories inside the PMT are extremely sensitive to magnetic fields, usually a 

magnetic shield made up of a mu-metal, maintained at the photocathode potential, is also 
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provided outside the glass enclosure. The amplitudes of the output pulses at the anode remain 

largely proportional to the number of photons incident on the photocathode. Much of the 

timing information of the incident light pulses are also preserved in the output anode pulses 

[1]. 

1.2.2.2 The photocathode 

1.2.2.2.1 The photoemission process 

Conversion of photons to electrons in the photocathode is a three step process. In the first 

step, a photon is absorbed and its energy is transferred to an electron of the photocathode. 

Next, this electron migrates to the photocathode surface. Finally, it escapes from the surface. 

The maximum initial photoelectron energy is theoretically equal to the photon energy, which, 

for typical scintillation photons, is ℎ𝜈 ≅ 3 eV. Some of this energy is lost in the migration 

process. The balance energy of the photoelectron must be enough to overcome the work 

function of the photocathode material in order for it to escape from the surface. Therefore, a 

minimum photon energy is required in order to make it energetically possible for the 

photoelectrons to escape the photocathode surface. This imposes a long wavelength cutoff 

which is typically in the red or the near IR region. Further, the work function as well as the 

rate of energy loss by the photoelectrons during their migration should be as low as possible 

in order to maximize the number of escaping photoelectrons. The energy loss during 

migration always imposes a maximum escape depth. Photoelectrons originating beyond this 

depth inside the surface cannot escape. The escape depth in metals is only a few nm, whereas 

the same for semiconductors is about 25 nm. Photocathodes this thin are, however, 

semitransparent for visible scintillation photons. Therefore, there is also a high energy (low 

wavelength) cutoff, beyond which the process of conversion of photons to photoelectrons 

becomes extremely inefficient. 
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In semiconductor photocathodes, electrons are elevated from the valence band to the 

conduction band upon absorbing photons having an energy greater than the band gap. These 

electrons end up at the bottom of the conduction band within usually a picosecond by losing 

their energy through phonon interactions. The electron affinity is defined as the difference 

between the values of electron potential at vacuum and at the bottom of the conduction band. 

For semiconductors, it is usually positive, and hence the electrons must reach the surface very 

rapidly, even before phonon interactions can reduce their energies to the bottom of the 

conduction band. For materials with negative electron affinity (NEA), however, the electrons 

that have dropped to the bottom of the conduction band can also escape [1]. 

1.2.2.2.2 Thermionic noise 

Normal conduction electrons, in the absence of incident light photons, are in thermal 

equilibrium having energies distributed about a mean of about 0.025 eV at room temperature. 

The electrons near the high-end extreme of this distribution may possess energies above the 

surface potential barrier, and therefore, have a finite escape probability from the surface. This 

gives rise to a thermionic noise which is higher for materials with lower potential barrier. 

Hence, higher photosensitivity of semiconductors relative to metals is achieved at the cost of 

a greater thermionic noise. The thermionic noise increases with temperature [1]. 

1.2.2.2.3 Photocathode designs 

Photocathodes can be either opaque or semitransparent. Opaque photocathodes have 

thicknesses greater than the maximum escape depth and are deposited on a thick backing. 

Photoelectrons are collected from the same surface on which the photons are incident. 

Semitransparent photocathodes, on the other hand, are thinner than the maximum escape 

depth and are deposited on a thin transparent backing, often the glass end window of the 

PMT. Photoelectrons are collected from the opposite surface to the one on which the photons 

are incident. Semitransparent photocathodes are more commonly used for applications 
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involving scintillators. Any variation in the uniformity of the thickness of the photocathode 

over its entire area results in variations of its sensitivity, and can contribute to deterioration of 

energy resolution in scintillation based spectrometers [1]. 

1.2.2.2.4 Quantum efficiency and spectral response 

The quantum efficiency (QE) of the photocathode is defined as [1], 

𝑄𝐸 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
 (1.1) 

For typical photocathodes, it is limited to a maximum value of 0.2-0.3 and drops at high and 

low values of wavelengths due to reasons described in Section 1.2.2.2.1. It is highly 

dependent on the wavelength of the incident photons. A plot of QE as a function of the 

wavelength is called the spectral response of the photocathode. The effective QE when a 

particular scintillator is coupled to a PMT is determined by averaging the spectral response 

curve of the photocathode over the emission spectrum of the scintillator. This averaged QE is 

called emission weighted quantum efficiency (EWQE) [138]. 

1.2.2.2.5 Photocathode materials 

Presently available photocathode materials include (i) Cs-activated Na2KSb, also called 

multialkali photocathodes, offering QE of up to 0.3 in the blue region, (ii) O and Cs-activated 

K2CsSb, also called bialkali photocathodes, offering higher QE than the multialkali 

photocathodes in the blue region and also resulting in lower thermionic noise [1]. 

There are various techniques to increase the QE of bialkali photocathodes to as high 

as 0.45 in the blue region. Reducing reflection of photons from the photocathode by 

introducing an anti-reflective coating [139], reflecting back some of the photons that have 

passed through the semitransparent photocathode by introducing nearby reflective structures 

[140], [141], avoiding electron traps by using ultra-pure materials [139], etc. are some of 

these techniques [1]. 
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1.2.2.3 Electron multiplication 

1.2.2.3.1 Secondary electron emission 

The photoelectrons escaping the photocathode surface, having energies of the order of 1 eV 

or less, are focused towards the first dynode by focusing electrodes. The first dynode is kept 

at a positive potential of several hundred volts. Therefore, photoelectrons can gain kinetic 

energies of the order of several hundred eV before reaching the first dynode. Here, they can 

cause electronic excitation from the valence band to the conduction band of the dynode, the 

band gap being only 2-3 eV, and each photoelectron can create of the order of 30 excited 

electrons. These excited electrons have random directions of motion and many of them do not 

make it to the surface of the dynode. Among those which reach the surface, only a small 

fraction will have a kinetic energy greater than the surface barrier. Therefore, the net effect is 

the emission of just a few secondary electrons per photoelectron from the same surface of the 

first dynode in which the photoelectron strikes. The multiplication factor (δ) of a single 

dynode is defined as [1], 

𝛿 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡

 (1.2) 

It is strongly dependent on the photoelectron energy. It is low for low energy photoelectrons 

owing to the low number of electrons that they excite into the conduction band. It also falls 

for high energy photoelectrons because they create excited electrons at greater average depths 

into the dynode and many of these electrons cannot reach the surface. The value of δ is 

maximum at an intermediate photoelectron energy. For conventional dynode materials like 

BeO, MgO and Cs3Sb, its maximum value of about 10 is reached at photoelectron energies of 

about 1 keV. Typical values of δ are, however, 4-6 for conventional interdynode voltages of a 

few hundred volts [1]. 
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1.2.2.3.2 Materials with negative electron affinity 

As per arguments presented in Section 1.2.2.2.1, δ can be significantly increased by using 

NEA materials, e.g., GaP heavily doped with Zn and with a nearly monatomic layer of Cs 

applied to one of the surfaces [142]. Electrons that have fallen to the bottom of the 

conduction band can also escape from the surface. δ continues to increase up to very high 

photoelectron energies. Therefore, achievable values of δ become about 50-60 with 

interdynode voltages of about 1000 V, and even higher values may be obtained if the design 

of the PMT permits application of higher interdynode voltages [1]. 

1.2.2.3.3 Multiple stages of multiplication 

For a dynode structure with N stages, each having a multiplication factor δ, the overall gain of 

the PMT becomes [1], 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑔𝑎𝑖𝑛 = 𝛼𝛿𝑁 (1.3) 

where α is the fraction of produced photoelectrons at each stage that is collected by the 

subsequent stage. For suitably designed PMTs, it is very close to unity. For typical dynodes 

with 𝛿~5, ten stages result in an overall gain of 510, i.e., about 107. The overall gain is also 

strongly dependent on the interdynode voltage. 

In reality, however, the emission of secondary electrons is a statistical process, and 

therefore, δ fluctuates about a mean value from event to event. This fluctuation of δ 

contributes to deterioration of energy resolution from scintillator based spectrometers [1]. 

1.2.3 Silicon based solid state photodetectors 

1.2.3.1 Silicon photodiodes 

1.2.3.1.1 Basic operation 

These are silicon diodes with the PIN configuration (as shown in Figure 1.3 [1]), having a 

high resistivity near intrinsic (i) region of thickness of the order of 200-500 µm sandwiched 

between a very thin (typically < 1 µm) highly doped p-type region and a very thin (typically 
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1-2 µm) highly doped n-type region. Scintillation photons enter the active (i) region of the 

photodiode through the very thin p-type entrance window and generate electron-hole pairs 

upon absorption. These electron-hole pairs are collected by applying a reverse bias. The 

collected charge is processed at a connected preamplifier which produces the output signal 

[1], [143]. 

 

Figure 1.3: Basic configuration of a silicon photodiode [1]. 

1.2.3.1.2 Quantum efficiency and spectral response 

Unlike PMTs, the charge carriers need not escape from the surface, and therefore, the 

maximum QE achievable with photodiodes can be much higher. The spectral response is also 

much broader, extending way into the long wavelength region and resulting in much higher 

values of EWQE when photodiodes are coupled with scintillators, especially those which 

have high scintillation yield at long wavelengths, e.g., CsI(Tl), GGAG:Ce, BGO, etc. [1]. 

1.2.3.1.3 Noise in photodiodes 

As there is no amplification of the generated charge, the output signal from a photodiode is 

orders of magnitude smaller than that from a PMT. Due to this small signal amplitude, 

electronic noise is a major problem when photodiodes are operated in pulse mode. The 

electronic noise increases with increasing surface area of the diode due to the corresponding 

increase in dark current and capacitance. The SNR decreases with decreasing energy of the 

ionizing radiation [1]. When scintillators are coupled with photodiodes for gamma 

spectrometry, energy resolution values achievable are usually always inferior to those cases 
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in which scintillators are coupled with PMTs [144]. When used in current mode, however, at 

high event rates, as in X-ray computed tomography (CT) applications, the SNR increases and 

the photodiodes perform exceedingly well [145]. 

There are broadly two sources of noise in photodiodes: (i) capacitance related series 

noise originating at the input stage of the preamplifier, and (ii) leakage current related parallel 

noise originating due to fluctuations in the leakage current of the photodiode. The first of 

these noises decreases with increasing thicknesses of the photodiodes, whereas the second 

increases. Thicknesses of about 200-500 µm usually give an optimum noise value. On the 

other hand, both the types of noise increase with increasing surface area of the photodiode, 

and therefore, photodiode areas are usually limited to only a few cm2 [1]. 

The shaping time constant of the pulse shaping electronics also determines the 

relative importance of the two types of noise. Longer shaping times reduce series noise but 

increase parallel noise. An optimum shaping time must be chosen that minimizes the overall 

noise. On the other hand, the shaping time must be longer than the scintillation decay time in 

order to ensure complete charge collection in each scintillation event, and at the same time, 

short enough to avoid pulse pile-up at high event rates [1]. 

Cooling of a photodiode reduces its dark current and thereby the associated noise. 

On the other hand, increase in dark current and the associated noise with increasing 

temperature usually forbids their operation at elevated temperatures. Use of wider band gap 

compound semiconductors, e.g., HgI2, decreases dark current. Attainable energy resolution 

values with this photodiode may be superior to those obtainable with PMTs [146]. By 

incorporating the input junction field-effect transistor (JFET) stage of the preamplifier on the 

same chip as the silicon photodiode, the overall stray capacitance of the connection between 

the photodiode and the preamplifier may be avoided. Thus the overall capacitance and the 

associated noise can be greatly reduced [1]. 
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Although the charge collection time for semiconductors is only of the order of a few 

nanoseconds, the timing resolution achievable with photodiodes is usually deteriorated by the 

fluctuations in the noise level [1].  

The surface areas of photodiodes are limited from noise considerations. This poses 

problems for collecting scintillation light from large area scintillators. Covering the 

scintillator with multiple photodiodes and adding up their signals increases the signal as well 

as the noise by the same factor. Therefore, the SNR does not increase [1]. 

In addition to scintillation photons, ionizing radiation can themselves directly 

penetrate into the photodiode and create electron-hole pairs. In order to minimize this effect, 

the photodiodes should be kept as thin as possible. However, thin photodiodes have a greater 

capacitance and therefore a higher series noise [1]. 

1.2.3.2 Avalanche photodiodes (APDs) 

At high applied voltages typically somewhat below the breakdown voltage, the charge 

carriers can be accelerated enough between collisions in order to create secondary ionization, 

a process called avalanche. This internal gain (typically a few hundred) helps to increase the 

SNR for APDs as compared to photodiodes, especially for pulse mode operation with low 

energy ionizing radiation. The gain, however, is an exponential function of the applied 

voltage. Therefore, well-regulated HV supplies are required for biasing of APDs. Also, the 

gain dependence of APDs on temperature (decreasing by about 2% per °C increase in 

temperature) is even stronger than that for PMTs. Therefore, automatic gain compensation 

schemes need to be incorporated when APDs are operated under varying temperature 

conditions. For current mode applications, the more stable photodiodes are generally 

preferred over APDs. APDs generally have good timing properties because the carrier drift 

time in semiconductors is usually of the order of less than a nanosecond. 

24 



As the APDs have much lower gain than the PMTs, this gain is subject to higher 

statistical fluctuations. This gain fluctuation, along with the series and the parallel noise 

which are also present in the APDs as in the photodiodes, deteriorate the achievable energy 

resolution when APDs are coupled with scintillators, as compared to when PMTs are coupled 

with scintillators. This deterioration is more severe for low energy ionizing radiation. The 

higher quantum efficiency of the APDs somewhat offsets the deterioration of obtainable 

energy resolution, an effect that is especially significant for scintillators having high light 

yield at longer wavelengths, e.g., CsI(Tl), GGAG:Ce, BGO, etc. APDs are available only 

with small surface areas that are similar to photodiodes, and therefore, efficient collection of 

scintillation photons from large size scintillators remains an area of concern [1]. 

1.2.3.3 Silicon photomultipliers (SiPMs) 

When the voltage to an APD is increased above the breakdown voltage, the avalanche 

process runs away and the diode enters a Geiger mode in which the initial charges produced 

by the interaction of an ionizing particle are multiplied to a level beyond control. Therefore, 

the Geiger mode APD produces a large output pulse from even a single radiation event. The 

Geiger mode avalanche is usually quenched by employing a high resistance in series which 

produces a voltage drop when the avalanche current passes through it, thereby lowering the 

voltage across the diode to below the breakdown voltage. The quenching time is equal to the 

product of the diode capacitance and the quenching resistance. A two dimensional array of a 

large number of such small APD cells working in the Geiger mode (each quenched by a 

series resistor) and connected in parallel is called a SiPM or a multi-pixel photon counter 

(MPPC). The SiPM is realized on a single silicon chip. Each cell has typical dimensions of 

only tens of microns and there are usually of the order of 104 cells or more in an array, so that 

the probability of one cell being hit by more than one scintillation photon during a radiation 

event is usually very low. Under this condition, the number of cells producing avalanche is 
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proportional to the number of scintillation photons reaching the SiPM. Also, the output of 

each cell is nearly identical by virtue of the uniformity of each cell and its quenching resistor. 

Therefore, by connecting the individual cells in parallel and adding their outputs, an output 

signal obtained which is proportional to the number of detected scintillation photons. 

The thermally excited electrons lead to spurious avalanches which add randomly as 

a noise to the actual scintillation signal. These thermally generated electrons, however, 

usually fire a single cell at a time. For situations in which each pulse results from a very large 

number of scintillation photons, the thermal events can be discarded by setting a 

discrimination level suitably so as to register only those pulses that result from simultaneous 

firing of multiple cells. Also, by cooling the SiPM, the dark noise can be reduced. Impurities 

in silicon can act as trap centers and release trapped electrons afterwards, thereby initiating 

delayed avalanches, a phenomenon called afterpulsing. Also, photons may be emitted by a 

cell upon carrier recombination. These photons may travel to neighboring cells directly or 

upon reflections inside the coupled scintillator, and trigger avalanches. This process is called 

optical cross-talk. 

The photon detection efficiency of SiPMs is typically higher than the PMTs, and 

depends on the geometric fill factor, the quantum efficiency, and the avalanche initiation 

probability. For stable operation of SiPMs, stable biasing circuitry and gain compensation 

schemes need to be implemented. Also, SiPM surface areas are restricted due to dark noise 

considerations, and therefore, efficient collection of photons from large scintillators remains 

an issue. It is to be noted that SiPMs have a response which is inherently nonlinear with 

scintillation light intensity. For increasing light intensities, more and more photons are 

incident on a single cell within its recovery time, and therefore, more and more photons go 

undetected [1]. 
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1.3 Gamma spectrometry 

Gamma spectrometry is the branch of radiation detection that deals with the acquisition of 

energy spectra of gamma ray sources by using gamma spectrometers and the subsequent 

analysis of the acquired spectra in order to identify and/or quantify the radionuclides present 

in the gamma sources. It is extensively used in the fields of nuclear physics and engineering, 

geochemical exploration, astrophysical sciences, environmental radioactivity monitoring, 

nuclear medicine, nuclear forensics, material science and engineering, homeland security, 

health physics, etc. 

1.3.1 Gamma ray interactions 

Three processes, namely, photoelectric absorption, Compton scattering and pair production, 

lead to energy loss of gamma photons in detector media. Photoelectric absorption is 

predominant for gamma rays with energies up to several hundred keV, pair production 

predominates at very high energies (above 5-10 MeV), and Compton scattering is the most 

probable process in between. Photoelectric interaction probability varies roughly as Z4.5, 

where Z is the atomic number of the interacting medium. On the other hand, the probabilities 

of Compton scattering and pair production varies as Z and Z2, respectively. Therefore, high Z 

materials are chosen as detector materials for gamma spectrometry in order to increase the 

gamma ray interaction probability [1]. 

1.3.1.1 Photoelectric absorption 

In this process, a photoelectron is ejected from one of the electronic shells (predominantly the 

innermost shell for typical gamma energies) of the interacting atom upon absorption of a 

gamma photon having energy hν. The ejected electron carries a kinetic energy (Ee-) equal to 

hν minus the binding energy (Eb) of the electron in its shell. Subsequent rapid electronic 

rearrangement fills the vacancy in the electronic shell and emits either a characteristic X-ray 

photon or an Auger electron. If the photoelectron as well as the characteristic X-ray photon or 
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the Auger electron are all absorbed in the detector medium, the result for a series of such 

photoelectric absorptions is a single peak at energy hν in the pulse-height spectrum, as shown 

in Figure 1.4 [1]. 

 

Figure 1.4: Simplified pulse-height spectrum for monoenergetic gamma rays with 100% 

photoelectric absorption [1]. 

1.3.1.2 Compton scattering 

This inelastic scattering process of the original gamma photon (energy hν) results in a 

scattered photon (energy hν') and a recoil electron (kinetic energy Ee-), where, 

ℎ𝜈′ =
ℎ𝜈

1 + ℎ𝜈
𝑚0𝑐2

(1 − cos 𝜃)
 (1.4) 

and 

𝐸𝑒− = ℎ𝜈 − ℎ𝜈′ = ℎ𝜈

ℎ𝜈
𝑚0𝑐2

(1 − cos 𝜃)

1 + ℎ𝜈
𝑚0𝑐2

(1 − cos 𝜃)
 (1.5) 

m0c2 being the rest mass energy of the electron (511 keV) and θ being the scattering angle. 

As𝜃 ≅ 0, ℎ𝜈′ ≅ ℎ𝜈 and 𝐸𝑒− ≅ 0. On the other hand, as 𝜃 ≅ 𝜋,  

ℎ𝜈′/𝜃=𝜋=
ℎ𝜈

1 + 2ℎ𝜈
𝑚0𝑐2

 (1.6) 

and 
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𝐸𝑒−/𝜃=𝜋= ℎ𝜈

2ℎ𝜈
𝑚0𝑐2

1 + 2ℎ𝜈
𝑚0𝑐2

 (1.7) 

Therefore, Ee- can range continuously between 0 and that predicted by Equation (1.7), 

depending on the distribution of θ that follows the Klein-Nishina formula. For a series of 

monoenergetic gamma rays interacting purely via Compton scattering, the pulse-height 

spectrum takes the simplified shape as shown in Figure 1.5 [1]. 

 

Figure 1.5: Simplified pulse-height spectrum for monoenergetic gamma rays with 100% 

Compton scattering [1]. 

The gap between the Compton edge (𝐸𝑒−/𝜃=𝜋) and the primary gamma energy (hν) is given 

by, 

𝐸𝐶 = ℎ𝜈 − 𝐸𝑒−/𝜃=𝜋=
ℎ𝜈

1 + 2ℎ𝜈
𝑚0𝑐2

 (1.8) 

which, in the limit as ℎ𝜈 ≫ 𝑚0𝑐2

2
, takes the constant value, 

𝐸𝐶 ≅
𝑚0𝑐2

2
(= 256 𝑘𝑒𝑉) (1.9) 

Equations (1.4) to (1.9) are simplified formulae which assume scattering by free electrons. 

The small binding energies of the electrons in practical detector materials typically result in 

rounding off of the rise near the Compton edge and the introduction of a finite slope to its 
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abrupt drop. The finite momenta of bound electrons also affect the shape of the Compton 

continuum [1]. 

1.3.1.3 Pair production 

This process occurs under the influence of the nuclei of the absorbing medium and results in 

the formation of an e--e+ pair and complete disappearance of the incident gamma photon. The 

energy of the gamma photon in excess of 2m0c2 (= 1.02 MeV) is equally shared as the kinetic 

energies between the resulting e--e+ pair. If all e--e+ pairs are absorbed in a series of pair 

production interactions, the result is the simplified pulse-height spectrum with a single peak 

at energy (hν-2m0c2),as shown in Figure 1.6 [1]. 

 

Figure 1.6: Simplified pulse-height spectrum for monoenergetic gamma rays with 100% pair 

production [1]. 

The pair production process is often followed by positron annihilation, in which it combines 

with an electron of the absorber. This results in the generation of two annihilation photons 

directed opposite to each other, and carrying equal energies of (511 keV+0.5Ee+), where, Ee+ 

is the remaining kinetic energy of the positron just before annihilation, which is most often 0 

except for in-flight annihilation. The annihilation process complicates the energy spectrum 

due to secondary interactions that the annihilation photons may undergo [1]. 
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1.3.2 Features of gamma ray pulse-height spectra 

1.3.2.1 Small detectors 

For detector dimensions that are small compared to the mean free path of the secondary 

gamma photons but sufficient to stop all secondary charged particles, the pulse-height 

spectrum should consist of a photopeak at energy hν, a Compton continuum, and a double 

escape peak (because only the kinetic energy of the e--e+ pair gets deposited and both the 

annihilation photons escape) at energy (hν-2m0c2), as shown in Figure 1.7 [1]. Further, the 

last of these would disappear for gamma energies that are below the values for which pair 

production becomes significant [1]. 

 

Figure 1.7: Predicted pulse-height spectrum for a small detector that stops all secondary 

charged particles but cannot stop any secondary gamma photons [1]. 

1.3.2.2 Large detectors 

For detector dimensions that are large enough to stop all primary and secondary radiation, the 

entire primary gamma photon energy is deposited inside the detector in each interaction. The 

result of a series of such interactions is a single full-energy peak at energy hν of the pulse-

height spectrum, as shown in Figure 1.8 [1]. It is important to note that no matter how 

complex the interaction history of the primary gamma photon is, the pulse-height spectrum is 

such that it looks like it has undergone a single photoelectric absorption. Therefore, the terms 

photopeak and full-energy peak are used interchangeably [1]. 
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Figure 1.8: Predicted pulse-height spectrum for a large detector that stops all secondary 

radiation [1]. 

1.3.2.3 Intermediate size detectors 

For practical detector dimensions that are between the two abovementioned extremes, the 

pulse-height spectra are usually complicated due to partial energy deposition by the 

secondary photons. Here, a single escape peak may also appear in addition to the double 

escape peak due to events in which one of the annihilation photons gets stopped inside the 

detector volume, whereas the other escapes. Further, events with multiple Compton scattering 

followed by escape of the final scattered photon lead to partial filling of the otherwise empty 

region between the Compton edge and the photopeak. This also distorts the shape of the 

Compton continuum that would result only from single scattering events. Figure 1.9 [1] 

shows the pulse-height spectrum that displays these features. 

 

Figure 1.9: Predicted pulse-height spectrum for an intermediate size detector that partially 

stops secondary gamma photons [1]. 
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1.3.2.4 Factors complicating pulse-height spectra 

For high gamma energies, the average energies of the secondary electrons will tend to 

increase. As a result, a significant fraction of secondary electrons may escape from the 

detector. This would result in loss of some events from the photopeak and a skewing of the 

Compton continuum towards lower energies. Further, as the energies of the secondary 

electrons and the Zeff of the detector medium increase, production of Bremsstrahlung 

increases. The escape of a fraction of these Bremsstrahlung photons results in similar 

alterations to the pulse-height spectrum as described above for secondary electron escape. 

Furthermore, Events in which the characteristic X-ray photon, resulting from the 

redistribution of electrons among the electronic shells subsequent to a photoelectron emission, 

escapes the detector volume, lead to a new peak at an energy hν minus the characteristic X-

ray energy. These peaks are called X-ray escape peaks and are most prominent for low 

energy gamma rays for which the photoelectric absorption near the detector's surface is 

predominant, thereby facilitating the escape of the characteristic X-rays, as well as for 

detectors with high surface area-to-volume ratios. For practical gamma energies, the 

photoelectron emission from the K-shell is most probable, and, therefore, the characteristic 

X-rays have energies equal to the K-shell binding energy. X-ray escape peaks at positions 

corresponding to higher electronic shells are less probable and are usually not resolvable. 

Detectors are always surrounded by other materials, e.g., detector encapsulation to 

protect from moisture, light, shock, etc., shielding materials to suppress the natural 

background radiation, detector's support and ancillary equipment, etc. Gamma photons, upon 

scattering from these surrounding materials, often reach the detector to create a backscatter 

peak near 0.25 MeV, following the arguments presented in Equation (1.9). The peak is 

created because Compton scattered photons have a nearly identical energy of about 0.25 MeV 

for large scattering angles (hence the name backscattering) above nearly 110-120° (see 
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Equation (1.4)). Further, characteristic X-ray photons may be created in the surrounding 

materials subsequent to photoelectric absorption in them. These photons may reach the 

detector and create an additional X-ray peak. This peak is more evident when the detector is 

surrounded by high Z materials. Furthermore, at high gamma energies, pair production and 

the subsequent positron annihilation may give rise to annihilation photons. These photons 

may present themselves as an annihilation peak at 511 keV. There are chances of confusing 

this peak with a genuine peak appearing due to a positron emitting source. Figure 1.10 [1] 

shows the simplified pulse-height spectrum that shows the influence of the surrounding 

materials. 

 

Figure 1.10: Influence of the surrounding materials to the otherwise expected (dashed) pulse-

height spectrum [1]. 

The pulse-height spectrum may be further complicated when the source is not a pure 

gamma emitter. For example, annihilation peak may appear at 511 keV when the source 

emits positrons which are subsequently annihilated within the source or its encapsulation. If 

both annihilation photons can be simultaneously detected, as in a well type detector, a peak at 

1.022 MeV may appear. Further, β- emitting sources can lead to the generation of 

Bremsstrahlung via radiative energy losses of the β- particles at the source encapsulation or at 

the external absorbers used to stop the β- particles from unnecessarily complicating the 

gamma spectrum. These Bremsstrahlung photons may add a continuum onto which the entire 

gamma spectrum is superimposed. The Bremsstrahlung contribution cannot be simply 
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subtracted as a background, and, therefore, leads to errors in calculations of areas under the 

gamma spectrum. 

Detection of two or more gamma photons in coincidence often leads to summation 

peaks in the recorded spectra. This becomes evident with sources that emit more than one 

gamma photons in cascade decay. 

It is, however, difficult to observe all the features discussed so far in a single 

recorded spectrum [1]. 

1.3.3 Detectors used for gamma spectrometry 

1.3.3.1 General considerations 

Gases usually have low stopping power for gamma rays of typical energies, largely due to 

their very low densities. Therefore, gas-filled detectors are usually not employed for gamma 

spectrometry. Organic scintillators, owing to their low Zeff and low densities, are also not 

typically suitable for this application. Si (Z=14) diode detectors, although used for low energy 

photon spectrometry, also have low Zeff and low density, and, therefore, are not good choices 

for spectrometry of gamma rays with energies beyond a few hundreds of keV. The two major 

remaining types of detectors, namely, inorganic scintillators and HPGe detectors, are, 

therefore, used for most gamma spectrometry applications. Another modern detector worthy 

of a mention for this application is the compound semiconductor, CZT. 

Further, it is useful to mention here that all spectrometry measurement must be 

carried out in pulse mode in order to retain the pulse-height (and, proportionately, energy) 

information of individual radiation interaction events within the detector. It is also worth a 

mention that in all of gamma spectrometry applications, typically the differential pulse-height 

spectra are recorded, which are plots of 𝑑𝑁
𝑑𝐻

 versus H, where H is the pulse-height (or, 

proportionately, energy) and 𝑑𝑁
𝑑𝐻

 is the ratio of the differential number of pulses  dN observed 

to have a pulse-height within the differential pulse-height interval dH. The number of pulses 
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between two pulse-height values can be obtained by integrating the differential pulse-height 

spectrum between these two abscissa values [1]. 

1.3.3.2 Inorganic scintillators as gamma spectrometers 

Inorganic scintillators optically coupled with photodetectors (PMTs, silicon photodiodes, 

APDs or SiPMs) are extensively used as detectors for gamma spectrometry. Table 1.1 

provides an overall summary of properties of common inorganic scintillators that are used for 

gamma spectrometry, whereas Figure 1.11 shows a simplified block diagram of an inorganic 

scintillator based gamma spectrometer. 

Upon interaction with a gamma photon, the inorganic scintillator produces many 

scintillation photons, as described in detail in Section 1.1.4.2. These scintillation photons 

travel to the coupled photodetector, where they are converted to a current pulse whose 

amplitude is proportional to the energy deposited by the incident gamma photon in the 

scintillator, as detailed in Section 1.2. The output pulse from the photodetector is sent to a 

preamplifier, which produces a proportional voltage step with a sharp rise time and a slow 

decay time, often called a tail pulse. The tail pulse is then shaped and amplified by the 

amplifier. Many such shaped and amplified pulses are fed to the multichannel analyzer (MCA) 

which measures the amplitude of each pulse and subsequently assigns each pulse to a 

particular channel according to the height of the pulse. When a pulse is assigned to a 

particular channel, a counter corresponding to that particular channel is incremented by one. 

This process generates a histogram which is nothing but the differential pulse-height 

spectrum, as discussed in Section 1.3.3.1. 

1.3.3.2.1 Energy resolution of an inorganic scintillator based gamma spectrometer 

The energy resolution R is defined as, [1] 

𝑅 =
𝐹𝑊𝐻𝑀
𝐻0

× 100% (1.10) 
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Table 1.1: Properties of common inorganic scintillators used for gamma spectrometry [1], [11]. 

Inorganic 
scintillator 

Density 
(g/cm3) 

Wavelength of 
maximum 

emission (nm) 

Refractive 
index 

Decay time 
(µs) 

Absolute Light yield 
(photons/MeV) 

Pulse-height 
relative to NaI(Tl) 

using bialkali 
PMT 

Hygroscopic 

Alkali halides 
NaI(Tl) 3.67 415 1.85 0.23 38,000 1.00 Yes 

CsI(Tl) 4.51 540 1.79 0.70 (57%), 
3.50 (43%) 65,000 0.49 Slightly 

CsI(Na) 4.51 420 1.84 0.46, 4.18 39,000 1.10 Yes 
Other slow inorganic scintillators 

BGO 7.13 480 2.15 0.30 8,200 0.13 No 

CdWO4 7.90 470 2.3 1.1 (40%), 
14.5 (60%) 15,000 0.4 No 

CaWO4 6.1 420 1.94 8 15,000  No 
CaF2(Eu) 3.17 435 1.47 0.9 24,000 0.5 No 
SrI2(Eu) 4.6 435 2.05 1.2 85,000 1.3 Yes 

Undoped fast inorganic scintillators with low light yield 
BaF2 (fast 

component) 
4.89 220 1.54 0.0006 1,400 0.03 Slightly 

BaF2 (slow 
component) 

4.89 310 1.56 0.63 9,500 0.2 Slightly 

CsI (fast 
component) 4.51 305 1.80 0.002 (35%), 

0.02 (65%) 2,000 0.05 Slightly 

CsI (slow 
component) 4.51 450 1.80 Multiple, up 

to several µs Varies Varies Slightly 

CeF3 6.16 310, 340 1.68 0.005, 0.027 4,400 0.04 to 0.05 No 
CeBr3 5.2 380 2.09 0.017 68,000 1.22 Yes 
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Table 1.1 (Continued) 

Ce-activated fast inorganic scintillators 
YSO:Ce 4.54 420 1.8 0.07 24,000 1.2 No 

GSO:Ce 6.71 440 1.85 0.056 (90%), 
0.4 (10%) 9,000 0.2 No 

LSO:Ce 7.4 420 1.82 0.047 25,000 0.75 No 
LYSO:Ce 7.4 428 1.82 ~0.04 28,000 0.25 No 
GPS:Ce 5.5 372, 394  0.04 19,000  No 
LPS:Ce 6.2 385  0.038 26,000  No 

YAP:Ce 5.37 370 1.95 0.027 (90%), 
10 (10%) 18,000 0.45 No 

LuAP:Ce 8.4 365 1.94 0.017 17,000 0.3 No 

YAG:Ce 4.56 550 1.82 0.088 (72%), 
0.302 (28%) 17,000 0.5 No 

LuAG:Ce 6.7 520 1.84 0.06 25,000 0.2 No 
GGAG:Ce 6.67 550 1.9 0.055 46,000 ~0.4 No 

GGAG:Ce,B 6.67 550 1.9 0.055 54,000 ~0.4 No 
LaCl3(Ce) 3.85 350 ~1.9 0.028 49,000 0.7-0.9 Yes 
LaBr3(Ce) 5.08 380 ~1.9 0.016 63,000 1.65 Yes 

LaBr3(Ce,Sr) 5.08 385 ~2.0 0.025 73,000 1.9 Yes 

 

Figure 1.11: Simplified block diagram of an inorganic scintillator based gamma spectrometer. 
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where, FWHM = full width at half maximum of the full-energy peak, and H0 = mean pulse-

height corresponding to the same peak. Unlike the theoretically predicted spectra presented in 

Figures 1.4 to 1.9, the measured pulse-height spectra show broadened peaks due to the finite 

energy resolution. 

Among all detectors generally employed in gamma spectrometry, inorganic 

scintillators offer the poorest energy resolution. The finite energy resolution in them 

originates from the following factors [1], [11], [14]: (i) Inherent statistical fluctuations in the 

number of information carriers, (ii) nonproportionality of light yield of the scintillator with 

deposited gamma energy, (iii) nonuniformity of light yield over the volume of the scintillator, 

(iv) nonuniform light collection at the coupled photodetector from scintillation events 

occurring at different parts of the scintillator volume, (v) imperfect optical coupling of the 

scintillator and the photodetector, (vi) nonuniformity of response of the photodetector over its 

active area, (vii) fluctuations of gain of the photodetector from event to event, (viii) electronic 

noise, and (ix) drifts in operating parameters over the course of measurement, e.g., variations 

in HV supply to the photodetector, temperature fluctuations, large changes in the event rate, 

etc. Factors (ii) to (iv) are due to the scintillator crystal itself and are together called the 

intrinsic crystal resolution [1], [14]. 

The first of these factors is the most dominant for well standardized detector 

systems, for which the other factors are already minimized. This factor is determined by the 

fluctuations in the number of the information carriers at the point where it is minimum, i.e., in 

the number of photoelectrons (nph). In an ideal scenario where all the other factors could be 

neglected, then, assuming Poisson statistics, the energy resolution due to only the statistical 

fluctuations in the number of photoelectrons would become, 

𝑅/𝑃𝑜𝑖𝑠𝑠𝑜𝑛 𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐𝑎𝑙=
𝐹𝑊𝐻𝑀
𝐻0

× 100% =
2.35𝐶�𝑛𝑝ℎ

𝐶𝑛𝑝ℎ
× 100% =

2.35

�𝑛𝑝ℎ
× 100% (1.11) 
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where C is a proportionality constant. Also, in this case, the dependence of R on energy (E) of 

the gamma photons can be simply predicted by noting that 𝐹𝑊𝐻𝑀 ∝ √𝐸 and 𝐻0 ∝ 𝐸: 

𝑅/𝑃𝑜𝑖𝑠𝑠𝑜𝑛 𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐𝑎𝑙=
𝐹𝑊𝐻𝑀
𝐻0

× 100% =
𝐾′√𝐸
𝐾′′𝐸

× 100% =
𝐾
√𝐸

× 100% (1.12) 

where K' and K'' are proportionality constants and K = K'/K''. Energy resolution values are 

conventionally quoted at the energy of gamma rays from 137Cs (662 keV), and can be 

calculated at other energies by Equation (1.12) if the above assumptions hold [1]. In most 

practical cases, however, these assumptions do not hold because the other factors also 

contribute to energy resolution. 

Even a monoenergetic beam of gamma photons, in principle, can create secondary 

electrons with a broad distribution of energies within a scintillator. This electronic energy 

distribution also depends on the size of the scintillator and the energy of the beam. Since the 

light yield is nonproportional to electron energy [17], [147], the total light output will vary 

from event to event, even for this monoenergetic beam. This nonproportional response may 

become a significant contributor to energy resolution, and therefore, scintillators with larger 

nonproportionality would always yield poorer energy resolution. 

Nonuniformity of light yield over the volume of the scintillator due to 

inhomogeneities in the properties of the scintillator crystal, e.g., nonuniform doping, etc. can 

worsen the energy resolution. For well standardized crystals, this factor is usually negligible, 

whereas for newly developed scintillator materials, this can be significant. 

Nonuniform light collection from different portions of the scintillator can be 

significant if the reflection conditions at its surfaces are not uniform throughout and if there is 

significant absorption of the scintillation photons within the bulk of the crystal. This factor is 

especially important for large scintillators with complicated shapes. 
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The optical coupling between the scintillator and the photodetector must be of good 

quality so that minimum optical photons are lost at the scintillator-photodetector interface. 

An optical coupling agent is usually applied to this interface for refractive index matching. 

Care should be taken in order to avoid air bubbles that can severely impact the light 

collection at the photodetector due to refractive index mismatch. 

Nonuniform deposition thickness of the photocathode as well as nonuniform 

photoelectron collection from different parts of it on the first dynode also contributes to 

resolution loss. 

Statistical fluctuation of gain of the photodetector can be a significant source of 

resolution deterioration. Statistical fluctuations of electron multiplication in PMTs as well as 

gain fluctuations in APDs are included in this category. 

Electronic noise for PMT based designs usually may be neglected, but for silicon 

based photodetectors, especially for photodiodes with low SNR, it becomes significant, and 

requires the use of special low noise electronics. Instabilities in bias supply and variations in 

temperature can also add to the electronic noise for the silicon based photodetectors. 

Drifts in operating parameters during the course of measurement can lead to 

significant broadening of peaks for spectra recorded over long acquisition times. Temperature 

related light yield variations of the scintillator as well as gain fluctuations of the 

photodetector and the other electronic components, drifts in bias voltages, etc. can contribute 

to this. Gain stabilization methods usually need to be implemented when spectra must be 

acquired over long times [1], [11]. 

1.3.3.3 HPGe detectors as gamma spectrometers 

HPGe detectors must be operated at LN2 temperature and are, therefore, always accompanied 

by an insulated dewar containing an LN2 filled reservoir. The detector is kept in thermal 

contact with the LN2. It is housed in an evacuated cryostat in order to thermally insulate it 
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from the surroundings [1]. Figure 1.12 shows a simplified block diagram of an HPGe based 

gamma spectrometer. HPGe detectors provide the best energy resolution for gamma 

spectrometry among any detectors. 

 

Figure 1.12: Simplified block diagram of an HPGe based gamma spectrometer. 

It is important to mention that although HPGe offers far superior energy resolution than 

scintillators, it is less efficient because of its lower Zeff [1], [148], [149]. Therefore, small 

scintillators can yield spectra that are similar in statistic to those acquired with much larger 

volumes of HPGe, provided the acquisition time is same for both. 

1.3.3.4 CZT detectors as gamma spectrometers 

This compound semiconductor material offers the most suitable semiconductor based 

alternative to HPGe for gamma spectrometry [150], [151]. Furthermore, owing to its high 

band gap, it can be operated as a room temperature detector, unlike HPGe. The same cause 

restricts its energy resolution to much inferior values than those achievable with HPGe. 

However, energy resolution offered by CZT is superior to those offered by NaI(Tl) and 

LaBr3(Ce). CZT crystals are presently available in volumes of up to a few cubic centimeters. 

Consequently, their detection efficiencies are lower than large volume HPGe detectors. 

Photoelectric absorption cross-section, however, is higher for CZT than that of HPGe, owing 

to the higher Zeff of the former [1]. 

1.4 Scope and aim of the thesis 

Gamma spectrometry with single crystal inorganic scintillators optically coupled with 

photodetectors has many important applications in various fields of science [152]–[158]. 

Research in this field is growing continuously in order to (i) identify new inorganic 
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scintillator materials, (ii) improve performance of existing conventional scintillators by 

material engineering, (iii) grow single crystal inorganic scintillators with sizes appropriate for 

gamma spectrometry, (iv) characterize the grown single crystals, (v) optimize their properties 

for various required gamma spectrometry applications by systematic theoretical and 

experimental investigation, (vi) develop gamma spectrometry systems suitable for various 

applications by optically coupling the scintillators with appropriate photodetectors and by 

developing and optimizing the appropriate electronics and the suitable instrumentation [158]. 

Thallium doped cesium iodide, CsI(Tl), is a widely used single crystal scintillator 

while cerium doped gadolinium gallium aluminum garnet, GGAG:Ce, (as well as GGAG:Ce 

co-doped with boron, i.e., GGAG:Ce,B) is a recently developed scintillator which has shown 

promising properties and a wide scope to improve the performance of various detection 

devices using this crystal. Therefore, indigenously developed CsI(Tl) [159]–[161] and 

GGAG:Ce (also GGAG:Ce,B) [157] have been selected for the present research work. Both 

these scintillators have high light yield as well as high gamma ray absorption cross-section 

and high photofraction owing to their high values of densities and Zeff. Their emission 

spectra, peaking around 550 nm, match well with the spectral response of silicon based 

photodetectors. This enables the design of compact photodiode- or SiPM-based spectrometers 

operating at lower voltages than the typically used bulkier and more fragile PMT-based 

systems that operate at much higher voltages. The Tl-doped alkali halide scintillator CsI(Tl) 

offers economic synthesis in large sizes and is only slightly hygroscopic. Therefore, it is easy 

to obtain as well as easy to handle. GGAG:Ce is a Ce-activated fast rare earth oxide 

scintillator with garnet structure. It is non-hygroscopic and has very good physical and 

chemical properties. As a result, it can be used in extreme environmental conditions. 

Theoretical simulations are necessary to design and set up a radiation detector 

having the best performance. For a realistic modeling of the complete detector setup, the 
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transportation of scintillation photons up to the optical sensor also needs to be simulated 

along with radiation transport. Therefore, Monte Carlo simulation has been used to 

theoretically model the physics processes involved in the detection of gamma photons by 

both the selected scintillators. Radiation transport calculations have been performed for 

determination of energy deposition in the scintillators by gamma photons. Optical 

(scintillation) photons have been generated and transported inside the scintillator in order to 

understand the effect of scintillation, optical, physical and surface properties on the resulting 

gamma ray pulse-height spectra. The Monte Carlo simulation toolkit GEANT4 [162]–[165] 

has been used for creating the complete detector model that includes both radiation transport 

and optical photon generation and transport. The simulation model has been experimentally 

validated for both the scintillators. Simulation based parametric investigation has been carried 

out in order to identify the important factors that influence the performance of the detector 

setups under design [166]–[168]. 

Various experimental characterization studies have been performed with the two 

selected scintillators. They have been tested in conjuncture with conventional PMTs as well 

as silicon photodiodes. A complete environmental gamma spectrometry system (EGSS) has 

been designed and developed using a CsI(Tl) scintillator optically coupled with a bialkali 

PMT. This developed system is a standalone, solar-powered unit with online real-time 

spectral data communication, suitably designed for continuous operation in open 

environmental conditions. The system has been field-tested and detection and identification 

of a dispersing 41Ar containing plume have been successfully carried out [16]. Another 

gamma spectrometer system has been designed and developed using a GGAG:Ce,B 

scintillator optically coupled with a silicon photodiode [93]. This compact, low voltage 

spectrometer can be conveniently connected through a universal serial bus (USB) to a 

computer for its operation. 
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In the current work, the simulation studies and the development of gamma 

spectrometry systems have been successfully carried out for two scintillators. The work can 

be extended to various conventional and advanced single crystal scintillators in order to 

design and develop gamma spectrometry systems for various applications. 
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CHAPTER 2 

THEORY AND EXPERIMENTAL METHODS 

2.1 Growth of single crystals 

2.1.1 Fundamental aspects 

Crystalline solids are those solid materials whose fundamental constituent units (atoms, 

molecules or ions) are arranged in a periodic manner. Single crystals are solid material 

samples which have an unbroken periodicity extending throughout their entirety and do not 

involve any grain boundaries. Polycrystalline materials are those that are composed of many 

single crystals with different sizes and orientations, separated by grain boundaries. 

A single crystal of a material can be grown by slowly and gradually solidifying it 

from its melt, precipitating it from a solution, depositing it from a vapor, re-crystallizing it 

from its solid phase, etc. under a controlled environment. In the process of crystallization, the 

constituent units of the material lose their randomness and ultimately achieve long range 

order typical of crystalline solids [160], [169]. From the point of view of thermodynamics, 

crystallization is always associated with a lowering of the Gibbs free energy. 

Some degree of supercooling (for growth from melt) or supersaturation (for growth 

from solution) is required as a driving force to initiate the crystallization process. 

Crystallization is a first order phase transition involving two steps: (i) nucleation and (ii) 

growth. Nucleation is a slow process in which one or more small nuclei of the newly forming 

crystal appear when a small number of constituent units (atoms, molecules or ions) place 

themselves with a particular periodicity and correct orientation. Nucleation can be 

heterogeneous or homogeneous depending on whether or not it is influenced by foreign solid 

particles. Heterogeneous nucleation is comparatively faster, results in higher success rates, 

and facilitated by residual solid particulate impurities, cuts or scratches in the glassware, 
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introduction of a seed crystal, etc., all of which typically provide nucleation sites. After 

successful nucleation, more and more free constituent units get added to the nuclei, thereby 

gradually increasing their sizes. This outward propagation of the crystalline structure is called 

growth and is a much faster process than nucleation. It is important to note that the various 

initially appearing nuclei may have different crystallographic orientations, and therefore, to 

grow a single crystal, one has to allow the subsequent growth process around only one of 

these nuclei and kill all others. This is done by controlling the growth parameters and the 

environment. 

2.1.2 Various crystal growth techniques 

Crystal growth techniques can be classified into three basic categorizes depending on the type 

of the phase transition that is involved: (i) solid-solid, (ii) liquid-solid, and (iii) gas-solid. 

Liquid-solid processes are the most extensively used among the three and can be further 

subdivided into five categories: (i) growth from melt, (ii) growth from solution, (iii) growth 

from gel, (iv) growth from flux, and (v) hydrothermal growth. Growth from melt, achievable 

for only those materials which melt congruently without undergoing any structural changes, 

contributes to nearly 80% of all crystals grown worldwide [160], [169], [170]. The lion's 

share of these grown crystals is those of Si and is consumed in the semiconductor industry. 

Other large-scale crystal fabrication facilities also typically employ this method, the majority 

of the grown crystals being scintillators, optical and acousto-optic materials, materials used 

for lasers, and artificial gemstones. 

There exist various techniques to grow single crystals from melt: (i) Czochralski 

technique [171], (ii) Bridgman-Stockbarger technique [172], (iii) Verneuil technique, (iv) 

Kyropoulos technique, and (v) Float-zone technique. Choice of a crystal growth technique for 

growth of single crystals of a particular material from its melt depend on various 

considerations, e.g., requirement of size and quality of the grown crystal, melting temperature, 
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melting behavior, viscosity of the melt, chemical properties, thermal expansion and thermal 

conductivity, vapor pressure, etc. The two single crystal scintillators that are studied in this 

thesis, namely, CsI(Tl) and GGAG:Ce (as well as GGAG:Ce with B co-doping, i.e., 

GGAG:Ce,B), were both grown from melt. CsI(Tl) was grown by the Bridgman-Stockbarger 

technique [159]–[161], whereas GGAG:Ce (as well as GGAG:Ce,B) was grown by the 

Czochralski technique [157]. These two techniques are discussed below. 

2.1.3 Czochralski technique 

2.1.3.1 Method 

The Czochralski (CZ) technique [171] is extensively used for growth of large single crystal 

ingots of semiconductors, metals, and various oxide materials. Figure 2.1 shows a simplified 

schematic diagram of the CZ growth process [160], [169].  

 

Figure 2.1: Simplified schematic diagram of the Czochralski growth process [160], [169].  

The starting material is a stoichiometric mixture of the constituents of the single crystal to be 

grown, polycrystalline samples of the material, or a pre-synthesized powder of the same. This 

starting material is loaded into a crucible and melted by inductive, resistive or arc heating. 

Heat losses from the crucible are minimized by thermally insulating it from the environment. 

Subsequently, a small seed crystal of the same material whose crystal is being grown, 
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attached to a rod, is slowly lowered into the centre of the crucible until it comes into contact 

with the free surface of the melt. A thermal equilibrium is then established between the seed 

and the melt by controlling the temperature of the latter. Thereafter, the rod is slowly rotated 

(speed of rotation 5-25 rpm) as well as pulled upwards (pulling rate 0.2-5 mm/h) in a 

controlled manner. The pulling rate is chosen to be slower than, or at the most equal to, the 

crystallization rate around the seed, ensuring a dynamic equilibrium between the melt and the 

crystal being grown. In this way, the crystal slowly grows around the seed and the final shape 

of the grown single crystal ingot is nearly cylindrical. The diameter of the grown ingot can be 

controlled and maintained by controlling the temperature of the melt as well as the pulling 

rate and the speed of rotation of the seed. After growing the single crystal ingot with the 

desired length, the growth is terminated by rapidly lifting the grown ingot from the melt or by 

increasing the melt temperature. Then the grown ingot is usually kept near the melt surface 

and slowly cooled to room temperature at a rate suitable for the particular material. 

2.1.3.2 Advantages and limitations 

The main advantage of this technique lies in the fact that the various growth parameters can 

be conveniently controlled. Also, the introduction of the seed crystal facilitates in 

heterogeneous nucleation and the grown crystal does not come in direct contact with the 

crucible. Choice of a suitable nonreactive, easily cleanable and easily fabricable crucible with 

high temperature withstanding capacity is crucial for the CZ growth technique. Materials 

which have a low vapor pressure and those having a high thermal conductivity can be 

favorably grown by this technique. Requirement of a seed crystal of the same material that is 

being grown limits the use of this technique for synthesis of new materials. 

2.1.3.3 Crystal growth system 

The CZ crystal growth system (CZ crystal puller) consists of a radiofrequency (RF) heating 

coil with its associated power supply. This provides induction heating which melts the 
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contents of the crucible and maintains the required high temperature. The temperature 

gradients can be easily controlled by controlling the power to the heater. A growth station 

contains the crucible and thermally insulates the same from the surroundings. An outer, 

double walled, water cooled, closed growth chamber houses the growth station and provides 

the mechanism for insertion of the pull rod. It also has gas inlets through which gases of 

choice may be introduced into the chamber, thereby making it possible to grow single 

crystals in suitable environments, as required. View ports are also available on the growth 

chamber for observing the crystal growth process. Mechanisms for pulling and rotation as 

well as devices for measurement of crystal mass are also provided. The entire system is 

computer controlled. The growth rate (solidified mass per h) is calculated by the crystal 

weighing device and a feedback signal is generated based on its difference from the 

previously optimized (reference) growth rate. This feedback signal is used to correct for the 

growth rate and keep it constant at the reference growth rate by automatically controlling the 

heater power and/or the pull rate and rotation speed. Provisions may be there for automatic 

vertical translation of the crucible in order to keep the solid-melt interface at a fixed vertical 

position as the crystal grows, and thereby, the melt level decreases [160], [169]. 

2.1.3.4 Growth of GGAG:Ce and GGAG:Ce,B single crystals 

The CZ crystal growth system used in the present work for growing the GGAG:Ce and 

GGAG:Ce,B single crystals was an automatic diameter controlled crystal puller (Model: 

Oxypuller, Make: Cyberstar, France) with a 50 kW, 8-20 kHz induction supply, a 6 kg 

weighing head capacity with 1 mg accuracy, and a total crystal translation of 600 mm with 

0.01 mm positioning accuracy. A photograph of the system is shown in Figure 2.2 [160], 

[169]. The starting material was a stoichiometric mixture of Gd2O3, Al2O3 and Ga2O3 with 

0.2 at% Ce doping with respect to Gd (for GGAG:Ce) or 0.2 at% Ce as well as 0.2 at% B 

doping, both with respect to Gd (for GGAG:Ce,B).  
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Figure 2.2: Photograph of the CZ crystal puller system (Oxypuller, Cyberstar) [160], [169]. 

Solid state sintering of this mixture was carried out in a box furnace at 1400 °C. After 

confirming the formation of a single phase compound by X-ray powder diffraction technique, 

the sintered material, in the form of pellets, was loaded in a suitable crucible and heated to 

50 °C above its melting point for homogenizing the melt. A small previously grown single 

crystal seed (not oriented in any specific direction) was used in the crystal growth process. A 

continuous flow of Ar gas was maintained through the growth chamber. The optimized 

values [157] of the growth parameters, used in the growth process, are listed in Table 2.1.  

Table 2.1: Values of optimized growth parameters used for growth of GGAG:Ce and 

GGAG:Ce,B single crystals [157]. 

Parameter Value 
Melting temperature 1850 °C 

Pulling rate 1 mm/h 
Speed of rotation 10-20 rpm 

Cooling rate 20-30 °C/h 
Temperature gradient 30-50 °C/cm 

Initial chamber pressure 10-5 mbar 
Ar gas pressure 1100 mbar 

Doping concentration for GGAG:Ce 0.2 at% of Ce w.r.t. Gd 
Doping concentration for GGAG:Ce,B 0.2 at% of Ce and 0.2 at% of B, both w.r.t. Gd 
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Single crystal ingots with dimensions of approximately 25 mm ϕ × 60 mm L could be grown 

in this method. Figure 2.3 shows a photograph of an as-grown GGAG:Ce,B single crystal 

ingot under UV illumination [93]. 

 

Figure 2.3: As-grown GGAG:Ce,B single crystal ingot (~25 mm ϕ × 60 mm L) under UV 

illumination [93]. 

2.1.4 Bridgman-Stockbarger technique 

2.1.4.1 Method 

The Bridgman-Stockbarger technique [172] is used to grow small to medium size single 

crystal ingots of certain semiconductors, synthetic gemstones and other technologically 

important materials like laser hosts, alkali halide scintillators, etc. The principle of this 

technique is relatively simple and is illustrated in the schematic diagram of Figure 2.4 [160], 

[161]. The process undergoes in a specially designed furnace consisting of two independently 

controlled heating zones having temperatures above (zone I) and below (zone II) the melting 

point (MP) of the material whose single crystal is being grown, thermally insulated from each 

other by an adiabatic separator. Polycrystalline material is loaded into a crucible and the 

material is melted in zone I. Subsequently, the crucible is slowly introduced into zone II. This 

causes slow progress of single crystal formation along the length of the crucible until finally 
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the entire melt in the crucible becomes a single crystal. The process can be performed either 

in vertical or horizontal direction, depending on the design of the furnace. 

 

Figure 2.4: Simplified schematic diagram of the Bridgman-Stockbarger growth process 

[160], [161]. 

2.1.4.2 Advantages and limitations 

The main advantages of the Bridgman-Stockbarger technique are that it is a low cost and 

technologically simple process. Further, a single crystal of a particular diameter can be grown 

by choosing a crucible with the same internal diameter. However, the stress that the grown 

crystal is subjected to when the crucible cools (and therefore contracts itself) can lead to 

dislocations in the crystals. Further, the contact of the melt with the inner walls of the 

crucible can lead to unwanted nucleation. Also, the grown crystal is in contact with the inner 

walls of the crucible. This may lead to sticking of the crystal to the crucible and the process 

of its recovery may result in significant thermal and/or mechanical stresses to the grown 

crystal. Therefore, choice of the appropriate crucible material, its proper designing to 

facilitate the recovery of the grown crystal, and standardization of the growth and the 

recovery process are of paramount importance. 
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2.1.4.3 Growth of CsI(Tl) single crystals 

The crystal growth system (shown in Figure 2.5 [160], [161]) used to grow the CsI(Tl) single 

crystals that are the subject of the present study consists of a modified vertical furnace having 

four separately controlled resistive heating elements, two each for the upper and the lower 

isothermal heating zones. The two zones are separated by a 50 mm thick adiabatic separator. 

The maximum temperature gradient provided by the adiabatic material is 20 °C/cm.  Four 

temperature controllers are used to set and control the temperature profile inside the furnace. 

Four temperature monitors are installed to monitor the temperature profile. There are 

provisions for lowering the crucible into the furnace. The furnace can also be rotated about a 

horizontal axis passing through its centre. While rotating the furnace, the crucible can be 

locked at its position. 

 

Figure 2.5: Photograph of the vertical Bridgman-Stockbarger crystal growth system used to 

grow CsI(Tl) single crystals [160], [161]. 

The crucible is specially designed, as shown in Figure 2.4 [160], [161]. The material 

of the crucible is fused silica with its inner wall coated with carbon. The upper part of the 

crucible has a slightly higher internal diameter than the lower part. The crystal is grown in the 

lower part. 
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High purity CsI is loaded into a crucible and dehydrated by heating the crucible in 

an evacuated oven. After cooling the dehydrated material, it is mixed with 0.15 mole% of TlI 

(0.15 at% of Tl with respect to Cs) and again dehydrated. Then the crucible is sealed in Ar 

environment. The sealed crucible is introduced to zone I of the furnace, kept at (MP + 50 °C). 

The material is completely melt and thermalized. Then the crucible is slowly lowered into 

zone II of the furnace, maintained at (MP - 50 °C). The lowering rate is 0.5-2 mm/h. After the 

entire melt solidifies into a single crystal, the temperature of zone I is reduced to (MP - 

50 °C). Then the crucible is locked at its position and the furnace is rotated upside down. 

Thereafter, the temperature of the zone containing the crystal is elevated from (MP - 50 °C) 

to slightly above MP. In this way, the grown crystal detaches from the inner wall of the 

crucible and slides down to the larger part of the crucible. The temperature of this zone is 

then quickly lowered to (MP - 50 °C) and the grown crystal is annealed at this temperature. 

Thereafter, the furnace is cooled down to room temperature at a cooling rate of 30 °C/h. The 

crucible is finally cut open to retrieve the grown single crystal [160], [161]. Single crystal 

ingots with dimensions of approximately 55 mm ϕ × 60 mm L were grown. Figure 2.6 shows 

a photograph of an as-grown CsI(Tl) single crystal [16]. 

2.2 Measurement of emission spectra of CsI(Tl) and GGAG:Ce,B by 

radioluminescence 

Radioluminescence is the emission of light from certain materials, called luminescence 

materials, upon irradiation with ionizing radiation. The intensity distribution of the emitted 

light as a function of its wavelength is called the radioluminescence emission spectrum. In 

the present study, 10 × 10 × 10 mm3 samples were saw-cut from both CsI(Tl) and 

GGAG:Ce,B single crystal ingots. One surface of each sample was polished with appropriate 

sand papers to clear optical finish. All other surfaces were ground. The emission spectra of 

the samples were measured by using the setup shown in Figure 2.7. 
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Figure 2.6: As-grown CsI(Tl) single crystal ingot (~ 55 mm ϕ × 60 mm L) [16]. 

 

Figure 2.7: Setup for measurement of emission spectra. 

An X-ray tube with Cu target was used as the source. The HV and current of the X-ray tube 

were set at 40 kV and 30 mA, respectively. Cu Kα lines (8.04 keV) irradiated the samples. 

Light emitted from the polished surface of the samples was measured by a high resolution 

UV/VIS/NIR spectrometer (Make: Avantes) having a reflective grating and a linear CCD 

(charge coupled device) pixelated array based photodetector. Figures 2.8 and 2.9 show the 

measured emission spectra of CsI(Tl) and GGAG:Ce,B, respectively [93], [166].  

It can be seen from Figures 2.8 and 2.9 that the emission spectra of CsI(Tl) and 

GGAG:Ce,B peak in the green region, at nearly 540 nm and 530 nm, respectively. This 

ensures that the emission spectra are characteristic of the intentionally added activators for 

both the scintillators, and not of some unwanted impurities. Also, these two emission spectra 

match well with the spectral response of silicon based photodetectors. This encourages the 

development of solid state photodetector based gamma spectrometry systems with these two 

scintillators. 
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Figure 2.8: Emission spectrum of CsI(Tl) [166]. 

 

Figure 2.9: Emission spectrum of GGAG:Ce,B [93]. 

The effect of variation of HV of the X-ray tube on the emission spectra of 

GGAG:Ce,B was studied by varying the HV in the range 10-40 kV, keeping the tube current 

fixed at 30mA. Figure 2.10 (a) shows the emission spectra of GGAG:Ce,B recorded for 

various HV settings, whereas Figure 2.10 (b) shows the dependence of the integrated areas 

under the emission spectra as a function of the HV, with a straight line also fitted to the 

dependence. This linear dependence indicates that the total intensity of scintillation emission 

increases linearly with the intensity of the incident X-ray beam. 

57 



 

Figure 2.10: (a) Emission spectra of GGAG:Ce,B for various HV settings of the X-ray tube 

(tube current fixed at 30 mA), (b) Dependence of the integrated areas under the emission 

spectra of (a) on the X-ray tube HV. 

The effect of variation of current of the X-ray tube on the emission spectra of 

GGAG:Ce,B was also studied by varying the current in the range 2-30 mA, while keeping the 

HV fixed at 40 kV. The results are shown in Figures 2.11 (a) and (b). 

2.3 Monte Carlo simulation for radiation detection 

2.3.1 Introduction 

Monte Carlo is a numerical technique that uses random numbers to solve problems [173]. Its  
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Figure 2.11: (a) Emission spectra of GGAG:Ce,B for various values of the X-ray tube 

current (HV fixed at 40 kV), (b) Dependence of the integrated areas under the emission 

spectra of (a) on the X-ray tube current. 

versatility lies in its diverse fields of applicability, e.g., physical and mathematical sciences, 

various disciplines of engineering, environmental sciences, chemistry, biology, computer 

science and engineering, economics, law, and many more. In physical sciences, there 

application extends to statistical and computational physics, quantum physics, nuclear and 

particle physics, radiation transport and dosimetry calculations, astrophysics, atmospheric 

science, and beyond. In nuclear and particle physics, Monte Carlo methods are used for 
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design of detector models, their experimental validation and design optimization. This also 

involves ionizing radiation transport calculations. In radiation transport theory, analytically 

solving the transport equation gives an overall picture of the spatial and temporal behavior of 

the particle fluence, and subsequently, all other quantities of interest can be derived from it. 

However, solving the transport equation analytically is possible only in a very few simple 

cases. In all other cases that are of practical importance, approximate numerical solutions are 

targeted. These are called deterministic methods, wherein the phase space of the problem is 

usually discretized and certain simplifying approximations are made. Various computer codes 

have been developed and validated against experiments, and are extensively used by a large 

community of scientists for solving various radiation transport problems. 

Deterministic methods of solution often become computationally very challenging 

and expensive, especially for cases involving complex geometries. In these situations, Monte 

Carlo methods seem to be the only way out. In Monte Carlo methods, phase space 

discretization and simplifying approximations are not employed. Instead, each primary 

particle is tracked until it escapes from the volume of interest or gets absorbed within it, 

thereby generating various secondary particles. Subsequently, these secondaries are 

individually tracked in a similar way as the primary. Quantities of interest are scored for each 

particle history. Average of scores for a large number of such particle-tracking histories give 

the statistical estimate of that particular quantity. In this way, three dimensional problems are 

solved with little more effort than one dimensional problems, and therefore, Monte Carlo 

methods are well suited for complex geometries. 

There are various general purpose Monte Carlo radiation transport packages, e.g., 

MCNP [174], EGS [175], FLUKA [176], [177], PENELOPE [178], GEANT4 [162]–[165], 

etc., that are used by many researchers for detector simulations, shielding calculations, 

reactor physics simulations, dosimetry applications, etc. A wide assortment of particles from 
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the standard model is usually available in these packages for simulation. However, most of 

the packages are developed for high energy particle physics applications, and may lack the 

capability to simulate low energy processes including optical photon simulations. Monte 

Carlo ray-tracing software packages, on the other hand, are good for optical photon transport, 

but lack the capability of production of optical photons by radiation transport leading to 

scintillation [179]. GEANT4 is capable of accurate radiation transport and optical photon 

transport simulations, and is, therefore, ideal for simulation of scintillators. 

For scintillator based spectrometry of gamma radiation with energies up to a few 

MeV, which is the subject of this thesis, the only secondary ionizing particles that can be 

generated upon interaction of the primary gamma photons with scintillators are gamma- or X-

ray photons and electrons of both charges (e- and e+). These, together with the optical photons 

that are generated in the scintillation process, are therefore, the only types of particles needed 

to be handled in simulation. 

2.3.2 GEANT4 simulation of scintillators 

GEANT4 [162]–[165] is an open source, general purpose, object oriented Monte Carlo 

simulation toolkit, written in the C++ programming language, for simulating the transport of 

particles through matter. It utilizes classes and objects. The user can assemble a simulation 

program for a specific application by using classes available from the toolkit and modifying 

or extending them, as needed. The toolkit enables the user to build the required geometrical 

model with various components having different shapes and materials, initiate the required 

primary particles, choose appropriate physics processes from a comprehensive set provided, 

score different quantities of interest, and visualize the geometry and particle tracks. The 

simulation of scintillators in GEANT4 involves gamma and electron transport followed by 

optical photon transport. 
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2.3.2.1 Gamma and electron transport 

Primary gamma photons are generated by sampling from user-provided distributions in terms 

of energy, point of production and initial direction. They are transported in discrete steps 

between interactions. Energy dependent probabilities of various types of interaction at each 

step are sampled according to the interaction cross-section values. After each interaction, the 

energy loss, the final state of the particle, and the path length before the next interaction are 

also sampled. The photon processes that are relevant for modeling of a scintillator for gamma 

spectrometry include photoelectric effect, Compton scattering, pair production and Rayleigh 

scattering, whereas the electron and positron processes include Coulomb scattering, 

ionization and delta (δ) ray production, Bremsstrahlung and positron annihilation. 

2.3.2.2 Optical photon transport 

2.3.2.2.1 Introduction 

In GEANT4, optical photons are defined as those photons whose wavelengths are much 

greater compared to the typical atomic spacing [164]. They are treated as a special class of 

particles which are distinctly different from X-ray or γ-ray photons, without a smooth 

transition as a function of energy between the two classes of particles. Physics processes that 

are typical of wavelike behavior of electromagnetic radiation are incorporated for optical 

photons, whereas for higher energy X-ray or γ-ray photons, the set of physics processes are 

entirely different (as described in Section 2.3.2.1). Physics processes for optical photons 

include bulk absorption, Rayleigh scattering, Mie scattering, and reflection, refraction and 

absorption at medium boundaries [164], [165]. 

When optical photons and their physics processes are enabled in GEANT4, optical 

photons are produced when charged particles travel through (i) a scintillator (scintillation 

process), (ii) a dielectric medium with velocities above the phase velocity of light in that 

medium (Cherenkov effect) or (iii) inhomogeneous media, e.g., boundary between two 
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different media (transition radiation) [165]. Therefore, GEANT4 provides the unique 

capability to initiate a simulation with an ionizing radiation particle and completing it with 

the detection of the resulting optical photons at a photodetector, entirely within the same 

event loop. This makes it a perfect toolkit for modeling the behavior of scintillation and 

Cherenkov detectors as well as any associated light guides. Optical photons generated as 

secondaries have linear polarization by default in GEANT4. For simulations involving optical 

photons as primaries, however, the user has to set linear polarization in order for the 

simulation to work correctly. It is also to be noted that optical photons are produced in 

GEANT4 without energy conversion. Therefore, their energy must not be tallied as part of 

the energy balance in an event. 

The optical properties of the media that are required to implement the physics 

processes of optical photons must be stored by the user as entries in a material properties 

table, and linked to the material in question. These properties can be constants or stored as 

functions of the wavelength (or equivalently, energy) of the optical photons as key-value 

pairs. In the latter case, values at intermediate points between two successive keys are 

determined by suitable interpolation [164]. 

2.3.2.2.2 Generation of optical photons in scintillators 

The following material properties need to be supplied as input parameters by the user in order 

to define each scintillating material and generate optical photons in them [164], [179], [180]: 

(i) Scintillation yield: It is the characteristic light yield (photons/MeV) of the scintillator 

(LY). The mean number of optical photons (N) generated in a step in which a total energy 

Edep is deposited is given by 𝑁 = (𝐿𝑌 × 𝐸𝑑𝑒𝑝). 

(ii) Resolution scale: It is the intrinsic resolution of the scintillator which usually broadens 

the statistical distribution of the number of generated scintillation photons. This broadening is 

due to the impurities in doped scintillators. On the other hand, when the Fano factor plays a 
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role, there can be narrowing of this statistical distribution. The actual number of optical 

photons produced in a step fluctuates about its mean number N with a Gaussian distribution 

having a standard deviation given by 𝜎 = (𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑠𝑐𝑎𝑙𝑒 × 𝑁1/2). Therefore, 𝜎 = 𝑁1/2 

for 𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑠𝑐𝑎𝑙𝑒 = 1. The fluctuation is broadened for 𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑠𝑐𝑎𝑙𝑒 > 1, whereas 

for 𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑠𝑐𝑎𝑙𝑒 = 0, there is no fluctuation. For steps resulting in 𝑁 ≤ 10, however, 

the distribution is considered to be Poisson having a mean N. 

(iii) Fast and slow time constants: These are the fast and the slow exponential decay time 

constants of the scintillator. 

(iv) Yield ratio: It is the relative strength of the fast component as a fraction of the total 

scintillation yield. If it is defined to be 1, then there is no slow component. On the other hand, 

if it is 0.5, then the relative contributions of the each component is 50%. 

(v) Emission spectrum: Both the fast and the slow decay components have their intrinsic 

emission spectrum. The overall emission spectrum of the scintillator as a function of the 

optical photon wavelength needs to be normalized, converted into a function of optical 

photon energy, separated into fast and slow components, and incorporated into the code. 

Energy of each generated optical photon is sampled from this spectrum. 

(vi) Birks' constant: It is the adjustable parameter in the Birks' formula [1], [10] that 

expresses the nonproportionality of the scintillation yield due to quenching. 

Optical photons are generated evenly along the track segment involved in the step 

and emitted uniformly over 4π solid angle with random linear polarization perpendicular to 

the emission direction and at times determined by the parameters mentioned above in (iii) and 

(iv). 

For those scintillators whose scintillation yield and/or yield ratio depend on the type 

of exciting particle, different scintillation processes may be separately defined for each 

exciting particle. 
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2.3.2.2.3 Tracking of optical photons in scintillators 

2.3.2.2.3.1 Bulk processes 

The following material properties, supplied by the user as functions of the optical photon 

wavelength, control the optical photon transport within the bulk of materials [164], [179], 

[180]: 

(i) Absorption length: It is the mean distance traveled by the optical photons before being 

bulk absorbed. The particles are simply killed after they get absorbed. For scintillator 

dimensions (of the order of centimeters) that are typical of gamma spectrometry applications, 

the transparency of the scintillators for their own scintillation emission ensures that most of 

the optical photons escape bulk absorption. 

(ii) Rayleigh scattering length: It is the mean distance traveled by the optical photons before 

being Rayleigh scattered. Rayleigh scattering is an elastic scattering process in which the 

optical photons only get deflected, but do not lose energy. Mean free path corresponding to 

this process for optical photons of typical wavelengths is of the order of meters in crystalline 

scintillation media. Therefore, Rayleigh scattering becomes unimportant for scintillators 

having much smaller dimensions that are typically used for gamma spectrometry. For large 

volume liquid detection media that are typically employed for neutrino detection, however, 

Rayleigh scattering becomes important. If the Rayleigh scattering length is not specified by 

the user, its value is defaulted to that for liquid water at 10 °C. 

(iii) Mie scattering length: This is the mean distance before the optical photons undergo Mie 

scattering. Mie scattering is the analytical solution of Maxwell's equations in the case of 

scattering of optical photons by spherical scattering centers. It is important only when the 

radii (r) of the spherical particles are comparable in size with the wavelength (λ) of the 

photons, which is not the case for transport of optical photons through scintillators, where 

𝜆 ≫ 𝑟.  
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(iv) Refractive index: Refractive indices of all the materials through which optical photons 

traverse need to be specified. 

2.3.2.2.3.2 Surface processes 

When optical photons arrive at an interface between two media, they can get reflected, 

refracted or absorbed. There are two ways of implementing a surface in GEANT4. The first 

implementation, called a border surface, is defined as the interface between an ordered pair of 

volumes that are placed adjacent to each other. In the second implementation, called a skin 

surface, a volume is assumed to be completely surrounded by a surface. The first 

implementation allows the definition of different parameters to the different surfaces of the 

same volume. Also, since these types of surfaces are defined as interfaces between ordered 

pairs of volumes, the same surface can have different properties for optical photons that are 

incident from opposite directions. The second implementation, on the other hand, may be 

useful when a scintillator is wrapped by a reflector and is placed into many different mother 

volumes. However, all the surfaces of this scintillator must have the same properties in this 

case [164], [180]. 

In a dedicated material properties table for each particular surface defined in the 

program, the following surface parameters need to be specified by the user in order to control 

the physics processes undergone by optical photons when they reach this surface [164], [165], 

[179], [180]: 

(i) Surface model: There are two models available in GEANT4 for modeling an optical 

surface, namely, the UNIFIED model [181] and the GLISUR [182] model. The UNIFIED 

model has been used to perform all the simulations reported in this study. This model is more 

comprehensive than the GLISUR model and provides more flexibility to the user for defining 

various surface properties. The parameters mentioned below are available to be specified 
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when the UNIFIED model is used. If no model is specified, however, the program defaults to 

the GLISUR model. 

(ii) Surface type: It defines the nature of the two media on either sides of the surface. The 

following surface types (ordered pairs) are available in the UNIFIED model: 

(a) Dielectric-dielectric: It is a surface between two dielectric media. An optical photon 

incident on it can undergo total internal reflection, refraction or absorption depending on the 

angle of incidence, refractive indices of the two media, reflectivity of the surface, wavelength 

of the photon and its state of linear polarization. 

(b) Dielectric-metal: It is a surface between a dielectric medium and a metallic medium. An 

optical photon incident on it from the dielectric medium can be either reflected back into the 

same medium or get absorbed by the metal. If the photon is absorbed by the metal, it can be 

detected with a probability equal to the quantum efficiency of the metal. 

(c) Dielectric-black: A black medium is that for which the user has not set any optical 

properties. A photon incident from the dielectric medium immediately gets absorbed in the 

black medium without being detected. 

(iii) Surface finish: This parameter defines the microscopic structure of a surface. A 

perfectly smooth surface is called polished (P), whereas a rough surface is called ground (G). 

A front painted surface represents the polished or ground surface of a volume that is coated 

with a paint, e.g., a polished or ground scintillator coated with a reflector. Therefore, there 

can be two types of front painted surfaces, either polished front painted (PFP) or ground front 

painted (GFP). A back painted surface represents the polished or ground surface of a volume 

that is coated with a reflector with a gap in between, e.g., a polished or ground scintillator 

coated imperfectly with a reflector, leaving an air gap in between. Therefore, there may be 

two types of back painted surfaces, namely, polished back painted (PBP) and ground back 

painted (GBP). Overall, there are six available types of surface finish in the UNIFIED model 
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for a dielectric-dielectric surface, namely, P, G, PFP, GFP, PBP and GBP. For a dielectric-

metal surface, however, only the P and G surface finish are available. If no surface finish is 

specified by the user, the finish P is taken by default. In the GLISUR model, on the other 

hand, no matter what the surface type is, only P and G surface finish are available. 

(iv) Surface roughness (σα): This parameter defines the degree of roughness of a surface. A 

rough surface is modeled to be consisting of micro facets, as shown in Figure 2.12 [179], 

[180], [183]. The angle (α) between the average surface normal and a micro facet normal is 

sampled randomly from a normal distribution with mean zero and standard deviation σα. 

Higher the value of σα, rougher the surface. 

 

Figure 2.12: Sketch showing the modeling of a ground surface consisting of micro facets 

[179], [180], [183]. 

(v) Surface refractive index: This parameter needs to be supplied by the user only for back 

painted (PBP and GBP) surfaces, e.g., polished or ground scintillators coated imperfectly 

with a reflector, leaving an air gap in between. The surface refractive index is that of the 

material in the gap, and must not be confused with the material refractive indices mentioned 

in Section 2.3.2.2.3.1. 

(vi) Reflectivity (R): It is the wavelength dependent probability of reflection of optical 

photons at a surface. It has to be supplied by the user as a function of photon energy. For 

𝑅 = 0, all optical photons are absorbed by the surface, whereas for 𝑅 = 1, all are reflected. If 

an optical photon is not absorbed, Snell's law is applied according to the refractive indices of 
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the materials on either side of the surface. This is equivalent to applying Fresnel's equations 

of reflection and refraction at the surface. As per Maxwell's equations, Fresnel's reflection 

and refraction are not treated separately. These two processes, along with total internal 

reflection, are treated as processes having relative probabilities adding up to unity. In case the 

user does not define it, the default reflectivity for a dielectric-metal surface is set to be unity. 

(vii) Reflection type: There are four types of reflection, namely, specular spike (SS), 

specular lobe (SL), Lambertian (L) and backscatter (BS). Probabilities for each type have to 

be set by the user, keeping the sum of the probabilities unity. If these probabilities are not set, 

reflection type is defaulted to L by the program. 

 
Figure 2.13: (a) Specular spike reflection from a perfectly smooth surface, (b) Specular lobe 

reflection from a slightly rough surface, (c) Lambertian reflection from a diffuse surface, (d) 

Backscatter reflection from a very rough surface [183]. 

Figure 2.13 [183] shows the SS, SL, L and BS types of reflection schematically. It is 

important to mention that the laws of reflection always hold at the microscopic level for each 

pair of incident and reflected rays. For a perfectly smooth surface (see Figure 2.13 (a)), it 

may be assumed that all the micro facets are aligned on a straight line and the average surface 

normal is parallel to each micro facet normal, i.e., 𝜎𝛼 = 0°. In this case, the only possible 

type of reflection is SS against the average surface normal, and the laws of reflection hold on 

the macroscopic level as well. In the opposite extreme, i.e., for a highly rough surface (called 

a diffuse surface) with a large σα (see Figure 2.13 (c)), an incident parallel beam of light will 

be reflected in various directions, although still obeying the laws of reflection at the 

microscopic level. At the macroscopic level, however, the intensity of the reflected beam at a 
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particular angle (θ) between the observer's line of sight and the average surface normal will 

be proportional to cos𝜃, as per Lambert's cosine law. This is called Lambertian (L) reflection. 

Practical surfaces exhibit a reflection behavior between these two extremes. Therefore, the 

individual probabilities of the various reflection types need to be provided. SL is a reflection 

against a micro facet normal (see Figure 2.13 (b)) and is typical of slightly rough surfaces. In 

this case, the distribution of the angle of reflection is nonzero but very limited. In the BS type 

of reflection, an optical photon is reflected back to the incident direction as a result of 

multiple reflections within the micro facets (see Figure 2.13 (d)). 

(viii) Efficiency (η): It is the probability that an optical photon absorbed at a surface is 

detected and is equivalent to the wavelength dependent QE of the surface, i.e., the probability 

of conversion of an optical photon to a photoelectron. The user has to specify this parameter 

as a function of optical photon energy. In case the user does not specify it, it defaults to zero. 

For 𝑅 = 1, all photons are reflected from a dielectric-metal surface, and, therefore, none can 

be detected. On the other hand, for 𝑅 = 0, all are absorbed and the detection probability 

becomes equal to η. 

The two following case studies enumerate the different possibilities arising due to 

various combinations of choices of the above surface parameters [180]: 

Case I: Surface type: dielectric-dielectric 

(a) Surface finish P: It defines a perfectly smooth surface. Optical photons are 

reflected/refracted with probability R and absorbed with probability (1-R). Snell's law is 

applied in case they are not absorbed. Reflection type is SS. 

(b) Surface finish G: It defines a rough surface with roughness σα. Optical photons are 

reflected/refracted with probability R and absorbed with probability (1-R). In case photons 

are not absorbed, α is sampled and Snell's law is applied. Reflection types will be according 

to the user defined probabilities of SS, SL, L and BS. 
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(c) Surface finish PFP or GFP: These define volumes perfectly coated with reflectors, 

where R is the reflectivity of the reflector. Optical photons are reflected with probability R 

and absorbed with probability (1-R). There is no chance of refraction. So, Snell's law is not 

applied. Reflection type is SS for PFP and L for GFP. 

(d) Surface finish PBP or GBP: These define volumes imperfectly coated with reflectors, 

leaving a gap in between. R is the reflectivity of the reflector. Refractive index of the material 

in the gap must be given by the user as a surface parameter. When optical photons reach the 

interface between the volume and the gap, Snell's law is applied according to the refractive 

indices of the materials in the volume and the gap. In case of refraction, the photons reach the 

interface between the gap and the reflector. Here they are reflected with probability R and 

absorbed with probability (1-R). There is no chance of refraction. So, Snell's law is not 

applied. Reflection type is SS for PBP and L for GBP. If reflected, the photons can again 

reach the interface between the gap and the volume, this time from the opposite direction. 

Here Snell's law is applied. The photons can now be either reflected back to the gap or 

refracted into the volume. 

Case II: Surface type: dielectric-metal 

(a) Surface finish P: It defines a perfectly smooth surface. Optical photons are reflected with 

probability R and absorbed with probability (1-R). Snell's law is not applied because 

refraction is not possible. In case the optical photons are reflected reflection type is SS. In 

case they are absorbed, they are detected with a probability η. 

(b) Surface finish G: It defines a rough surface with roughness σα. Optical photons are 

reflected with probability R and absorbed with probability (1-R). Snell's law is not applied 

because refraction is not possible. In case optical photons are reflected, α is sampled. 

Reflection types will be according to the user defined probabilities of SS, SL, L and BS. In 

case optical photons are absorbed, they are detected with a probability η. 
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CHAPTER 3 

SIMULATION STUDIES ON CsI(Tl) 

3.1 Introduction 

The Tl-activated CsI single crystal (CsI(Tl)), despite being one of the earlier discoveries in 

the field of inorganic scintillators [184], continue to be the chosen scintillator for many 

applications even today. The properties of CsI(Tl) that are favorable for gamma spectrometry 

may be picked out from Table 1.1. It has high stopping power for gamma radiation due to its 

moderately high density (4.51 g/cm3) and high Zeff (54) [27], [185], [186]. It is also one of the 

brightest scintillators, having a high light yield of nearly 65,000 photons/MeV [1], [27], [187], 

[188]. Besides, it has a broad scintillation emission spectrum that peaks at about 540 nm, as 

measured experimentally and reported in Section 2.2. Although the quantum efficiency of the 

traditional bialkali PMTs is very low (only about 5%) [138], [189], [190] near the peak 

emission wavelength of CsI(Tl), that of silicon based photodetectors is very high (nearly 90%) 

in this regime [191]. Therefore, if coupled with the suitable photodetector, CsI(Tl) can 

potentially outperform many other scintillators in terms of scintillation efficiency. On the 

other hand, these suitable photodetectors also offer compact, low voltage and magnetically 

insusceptible solid state spectrometer designs that are preferred in many situations. Last but 

not the least, CsI(Tl) is only slightly hygroscopic, not very brittle, has good mechanical and 

chemical properties that are favorable for crystal growth and processing, and its single 

crystals can be grown in large sizes quite economically, all of which are valuable additions to 

its list of advantages [1]. 

Gamma ray pulse-height spectra of scintillators can be generated through Monte 

Carlo simulation by simulating the transport of gamma photons and their secondary ionizing 

particles (electrons, positrons, and X/γ ray photons). However, since the complete physics 
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process behind the generation of pulse-height spectra also depends on the generation and 

transport of the scintillation photons in the scintillator, a Monte Carlo model that additionally 

includes these processes offers more insight and enables the investigation of the parameters 

which affect the physics processes of optical photons. It is important to note here that these 

physics processes are entirely different from those of the gamma photons, as discussed in 

Section 2.3.2.2, and therefore, need separate understanding in order to implement them in 

simulation [166]. 

If optical photon generation and transport are not taken into account and the pulse-

height spectra are generated by simulating only the energy deposition of the gamma photons 

and their ionizing secondary particles in the scintillator, the full-energy peaks would have no 

broadening. They can still be broadened during post processing though, by fitting 

experimentally obtained resolution versus energy functions to the full-energy peaks [192]–

[195]. However, such simulated spectra that are broadened with experimental knowledge, 

although matching well with experimentally acquired spectra, cannot be used for studying the 

effect of scintillation, optical, physical and surface properties of the scintillator which affect 

the pulse-height spectra by affecting the optical processes. Also, a priori simulation based 

optimization of the abovementioned properties is not possible with these spectra. On the other 

hand, by building a Monte Carlo model that generates the pulse-height spectra by simulating 

radiation transport as well as optical transport, and subsequently validating the model for an 

easy to conceive experimental setting, one can utilize these spectra to optimize the 

abovementioned properties for new and more complicated settings, without resorting to 

experiments [166]. 

As described in Section 2.3.2.2, the Monte Carlo simulation toolkit GEANT4 was 

chosen for building the simulation model because it is capable of treating gamma photons and 
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optical photons as completely different classes of particles. Separate physics processes for the 

two classes can also be accurately implemented. 

The following sections of this chapter describe the development of a GEANT4-

based simulation model for CsI(Tl) and its experimental validation. This model includes 

radiation transport as well as optical transport and is subsequently utilized to investigate the 

effect of various simulation parameters on the generated pulse-height spectra. 

3.2 Simulation methodology 

3.2.1 Detector geometry 

A cylindrical CsI(Tl) scintillator crystal with nominal dimensions of 2" ϕ × 2" L (50.8 mm ϕ 

× 50.8 mm L) was modeled in GEANT4. Figure 3.1 shows a schematic diagram of the xz 

plane cross-section of the simulation geometry along with the reference coordinate system 

[166]. 

The scintillator was coupled to a 50.8 mm ϕ × 10 mm L photodetector. The length of 

the photodetector was taken arbitrarily. This does not affect the simulation results, however, 

owing to the fact that the optical photons are transported only up to the interface between the 

scintillator and the photodetector, as mentioned later in Section 3.2.5, and therefore, only the 

properties of this interface are important for the purpose of detecting the optical photons at 

this interface [166]. The scintillator-photodetector assembly was coated with a 1 mm thick 

reflector. The outer enclosure to this assembly was made up of aluminum that had a thickness 

of 0.5 mm at the front surface and 1 mm elsewhere. The entire assembly shown in Figure 3.1 

was assumed to be placed in air. A point source was modeled on the axis of the cylinder at a 

distance of 300 mm from the front surface of the assembly towards the negative z direction. 

A divergent beam of gamma photons originating from this point source was modeled to be 

completely illuminating the front surface. All the dimensions mentioned here were 

unchanged for all simulations, unless otherwise specified. The energy of the gamma photons 
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was chosen to be different for different cases. The various sources used for the simulations 

and their gamma energies and corresponding yields are summarized in Table 3.1. The first 

source represents equal activities of 137Cs and 60Co, whereas the second and the third are 

typical of the decays of 137Cs, 41Ar and 208Tl, respectively [166]. 

 

Figure 3.1: Schematic diagram of the xz plane cross-section of the simulation geometry 

consisting of a 50.8 mm ϕ × 50.8 mm L cylindrical CsI(Tl) scintillator crystal, along with the 

reference coordinate system (Figure not to scale) [166].  

Table 3.1:Various source configurations used in simulation [166]. 

Sl. No. Source name Source composition 
1 137Cs + 60Co 662 keV (50%), 1173 keV (25%), 1332 keV (25%) 
2 137Cs 32 keV (6%), 36 keV (1%), 662 keV (85%) 
3 41Ar 1293 keV (100%) 
4 208Tl 2614 keV (100 %) 

3.2.2 Material properties 

The CsI(Tl) material, assigned to the scintillator crystal of region (i) in Figure 3.1, had a Tl 

doping concentration of 0.15 at% (= 0.15 mol%) with respect to Cs, as is typical for the 

CsI(Tl) crystals indigenously grown by the Bridgman-Stockbarger technique, described in 

Section 2.1.4.3. Its density was taken to be 4.51 g/cm3, as mentioned in Table 1.1. The 

material assigned to the photodetector (region (ii) of Figure 3.1) was same as that assigned to 

75 



region (i) but its scintillation yield was taken to be zero, as described later in Section 3.2.3. 

This choice, however, does not affect the simulation results because the optical photons are 

transported up to the scintillator-photodetector interface, as described later in Section 3.2.5, 

and as long as the parameters of this interface are correctly incorporated, the modeling 

remains accurate. The material assigned to the reflector (region (iii) of Figure 3.1) was Teflon 

with the chemical formula C2F4. Its density was taken to be 2.2 g/cm3 [196]. It is worth a 

mention here that only the surface parameters of the reflector are enough for accurate optical 

transport calculations, but radiation transport calculations become more accurate when the 

composition and density of the reflector are accurately modeled. This is because the incident 

gamma photons can, in principle, deposit finite amount of their energies within the reflector. 

Finally, the overall enclosure (region (iv) of Figure 3.1) was modeled to be made up of the 

element aluminum [166]. 

3.2.3 Scintillation and optical properties 

The experimentally measured scintillation emission spectrum of CsI(Tl), as shown in Figure 

2.8, was first normalized, i.e., the emission intensity corresponding to each channel was 

divided by the integrated area under the curve. This normalized emission intensity was 

plotted as a function of wavelength, as shown in Figure 3.2. 

Subsequently, the abscissa of the emission spectrum was converted from wavelength 

(λ) to photon energy (E) by using the formula E = hc/λ. Figure 3.3 shows the emission 

spectrum converted to energy scale. 

In order to incorporate the energy (or, equivalently, wavelength) dependent 

parameters into the Monte Carlo simulation program, the energy scale corresponding to the 

wavelength range 200-900 nm was converted to 32 points. These points were used as the 

keys for storing the energy dependent parameters' values. 
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Figure 3.2: Normalized emission spectrum of CsI(Tl). 

 

Figure 3.3: Normalized emission spectrum of CsI(Tl) as a function of photon energy. 

The scintillation decay curve of CsI(Tl) for gamma excitation consists of a fast and a 

slow component, and can be modeled as [91], [92], 

𝐼(𝑡) = 𝐴0 + 𝐴1𝑒−𝑡 𝜏1⁄ + 𝐴2𝑒−𝑡 𝜏2⁄  (3.1) 

where I(t) is the total pulse intensity as a function of time (t), τ1 and τ2 are the fast and the 

slow decay time constants, respectively, A1 and A2 are the relative contributions of the fast 

and the slow components in the total pulse intensity, respectively, and A0 is a fitting constant. 

By fitting Equation (3.1) to the experimentally obtained plot of I(t) versus t, one can estimate 
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all of these parameters. The relative intensities of the fast and the slow decay components are 

respectively given by [91], [92], 

𝑄1 =
𝐴1𝜏1

𝐴1𝜏1 + 𝐴2𝜏2
 (3.2) 

and, 

𝑄2 =
𝐴2𝜏2

𝐴1𝜏1 + 𝐴2𝜏2
 (3.3) 

For the CsI(Tl) crystals indigenously grown by the Bridgman-Stockbarger technique, 

described in Section 2.1.4.3, the values of τ1, τ2, A1 and A2 were experimentally determined 

and reported in [92]. These values are τ1 = 700 ns, τ2 = 3500 ns, A1 = 0.57 and A1 = 0.43. 

Using these, Q1 and Q2 were calculated from Equations (3.1) and (3.2), respectively. 

Subsequently, each of the 32 normalized emission intensities corresponding to the 32 energy 

points was divided into the fast and the slow components according to the ratio Q1/Q2. This 

completed the implementation of the emission spectrum of CsI(Tl) into the simulation code. 

The material CsI(Tl) was assigned a refractive index of 1.79 at all the 32 energy 

points, i.e., throughout its own emission wavelength regime [186]. The (bulk) absorption 

length as well as the Rayleigh scattering length for CsI(Tl) have not been reported in 

published literature. Hence both were assumed to be equal to 5 m at all the 32 energy points. 

This value is much larger than the largest dimension (of the order of centimeters) of the 

scintillator. As mentioned in Section 2.3.2.2.3.1, this choice for the (bulk) absorption length 

ensures good optical transparency of the scintillator throughout the range of its own emission 

wavelength. It is important to note, however, that optical photons can still be lost via 

interactions at the surfaces. Also, as mentioned in Section 2.3.2.2.3.1, this value for the 

Rayleigh scattering length is justified because firstly, it is of the order of meters in crystalline 

scintillators, and secondly, as long as the largest dimension of the scintillator remains much 

smaller than it, the process of Rayleigh scattering itself becomes unimportant. The 
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scintillation yield of CsI(Tl) was taken to be 65,000 photons/MeV. Its fast and slow time 

constants were taken to be 700 ns and 3500 ns, respectively, and the yield ratio was taken to 

be 0.57 [92]. It is needed to be mentioned that the time constants and the yield ratio do not 

affect the simulation results because no timing related study is attempted. They are 

incorporated just for completion. The Mie scattering length was arbitrarily assumed to be 500 

m at all the 32 energy points. As mentioned in Section 2.3.2.2.3.1, the Mie scattering process 

is unimportant for the scattering of the optical photons by the CsI molecules, because the 

former have wavelengths in the range of a few hundred nanometers, whereas the latter have 

sizes only of the order of less than a nanometer. Hence, the arbitrary choice does not affect 

the simulation results [166]. The Birks' constant and the resolution scale for CsI(Tl) were 

taken to be 1.52 × 10-3 mm/MeV [197] and  1, respectively. 

All the above properties for the photodetector were taken to be identical to those of 

the scintillator, but for its scintillation yield, which was set to be zero because the 

photodetector does not generate optical photons [166]. The refractive index of Teflon was set 

equal to 1.35 [198]. 

All the scintillation and optical properties mentioned in this section were unchanged 

for all simulations, unless otherwise specified. 

3.2.4 Surface properties 

As mentioned in Section 2.3.2.2.3.2, the UNIFIED model [181] was used to model the optical 

surfaces. The scintillator-reflector interface was modeled to be a dielectric-dielectric type of 

surface with surface finish GFP, surface roughness, 𝜎𝛼 = 0° (implicit), reflectivity, 𝑅 = 0.98 

[199], reflection type = L [199], and efficiency, 𝜂 = 0. On the other hand, the scintillator-

photodetector interface was modeled to be a dielectric-metal type of surface with surface 

finish P, surface roughness, 𝜎𝛼 = 0° (implicit), reflectivity, 𝑅 = 0, reflection type = SL [180] 

(for the surface finish P, SL is equivalent to SS, but as 𝑅 = 0, the reflection type does not 
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matter) and efficiency, 𝜂 = 0.05, i.e., 5%. This value of η is equal to the EWQE of the 

bialkali photocathode of the Hamamatsu R1306 PMT [200] when it is coupled to CsI(Tl) 

[138]. All the surface properties mentioned here were unchanged for all simulations, unless 

otherwise specified. 

3.2.5 Scoring 

Each primary gamma photon as well as all its ionizing secondary particles were transported 

in the detector. The energy deposited inside the scintillator volume was scored for each 

primary gamma ray event. As mentioned in Section 2.3.2.2.2, for each energy deposition step 

of the secondary electrons (or positrons) inside the scintillator, optical photons were 

generated evenly along the track segment involved in the step and emitted isotropically over 

4π solid angle. They were then transported through the scintillator up to the scintillator-

photodetector interface. At this interface, they were detected with a probability η of the 

interface [164], [180]. The number of detected optical photons at this interface (nph) is 

equivalent to the number of photoelectrons produced at the photocathode of the coupled 

PMT. This number was scored for each primary gamma ray event and then converted to an 

arbitrary pulse-height by using the formula [166], 

𝑃𝑢𝑙𝑠𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 (𝑉) =
𝑛𝑝ℎ × 𝑒 × 𝐺

𝐶
 (3.4) 

where, e (= 1.602 × 10-19 C) is the electronic charge, G is the overall gain (see Equation (1.3)) 

of the photodetector (= 2.7 × 105 for the Hamamatsu R1306 PMT), and C is the overall 

capacitance of the electronic circuit (= 1 nF, taken arbitrarily). 

All the simulations were carried out for a total of 7 × 104 primary gamma ray 

histories. The simulation job was run in parallel on 7 cores of a workstation that had an octa-

core processor, with each core handling a total of 104 histories. Results from the individual 

cores were merged by a user-written program. A tally was generated with the pulse-height 
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values for each primary event. Finally, this tally was used to draw a pulse-height histogram 

using ROOT [201]. This histogram represents the simulated pulse-height spectrum [166]. 

3.3 Energy calibration by simulation 

Pulse-height spectrum was generated by simulation using the source at serial no. 1 of Table 

3.1. This spectrum is shown in Figure 3.4 (a). Each full-energy peak in this spectrum was 

fitted using a Gaussian function. The pulse-height value corresponding to the centroid of each 

of the three full-energy peaks was also plotted in Figure 3.4 (a) versus the corresponding 

gamma energy. A straight line was then fitted to this plot. The equation of this fitted straight 

line was used to convert the pulse-height scale to the energy scale. The simulated spectrum of 

Figure 3.4 (a), converted to energy scale, is shown in Figure 3.4 (b). This procedure is similar 

to the experimental energy calibration of a gamma spectrometer with a 137Cs and a 60Co 

source, both having the same activity [166]. 

3.4 Experimental measurements 

A 2" ϕ × 2" L cylindrical sample was cut from a CsI(Tl) single crystal ingot that was grown 

in-house [159]–[161] by the Bridgman-Stockbarger technique, as described in Section 

2.1.4.3. One of the flat surfaces of the sample was hand polished with suitable sand papers to 

clear optical finish, whereas all other surfaces were ground. The polished surface was 

optically coupled to a Hamamatsu R1306 PMT using a transparent optical grease (Dow 

corning). The scintillator was tightly wrapped with at least ten layers of Teflon tape 

(thickness = 3.5 mils = 0.0889 mm per layer [202]), which acts as a diffuse reflector. Care 

was taken to perfectly coat the scintillator with the reflector so as to avoid formation of any 

air pockets between the two and also to avoid any light leakage from the scintillator. The 

anode pulse of the PMT was fed to single board integrated module (DP5G, Amptek [203]) 

consisting of a preamplifier, a shaping amplifier, and a USB based 4k MCA. The 

preamplifier, amplifier and the MCA were all integrated in a single PCB. Power to the entire 
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electronics as well as the HV to the PMT were supplied by a single USB port of the MCA by 

employing necessary DC-DC converters [166]. 

 

Figure 3.4: (a) Simulated spectrum for a 50.8 mm ϕ × 50.8 mm L cylindrical CsI(Tl) 

scintillator using the source at serial number 1 of Table 3.1, along with the derived energy 

calibration, (b) The same spectrum converted to energy scale [166]. 

In order to prevent light leakage, the whole assembly was sealed in an aluminum enclosure of 

thickness 1 mm all around, except at the front surface of the scintillator where it was 0.5 mm. 

The simulation and the experimental assembly were built to match each other. 
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Firstly, a 137Cs and a 60Co test source were placed together at a distance of 300 mm 

from the front surface of the aluminum enclosure. Pulse-height spectrum was recorded for an 

acquisition time of 30 s. 

Then, a 137Cs test source was placed at a distance of 300 mm from the front surface 

of the aluminum enclosure. Pulse-height spectrum was recorded for an acquisition time of 

300 s. Background spectrum was also recorded for 300 s by removing the source. The 

background spectrum was then subtracted from the spectrum recorded with the source in 

order to get the spectrum due to the source. 

Subsequently, a Marinelli beaker filled with 41Ar containing air was placed at a 

distance of 300 mm from the front surface of the aluminum enclosure. Pulse-height spectra 

were acquired with this source as well as for background, both for 300 s. The background 

spectrum was then subtracted from the spectrum with source. 

3.5 Experimental energy calibration 

Figure 3.5 (a) shows the experimentally acquired pulse-height spectrum for the 137Cs + 60Co 

source. Gaussian functions were fitted to the three full-energy peaks of Figure 3.5 (a). The 

values of the centroid of the three Gaussian functions were also plotted as a function of the 

channel number. A straight line was fitted to this plot. The equation of this straight line was 

used to convert the channel number scale to the energy scale.  This energy calibration was 

used for all the experimental spectra. The spectrum of Figure 3.5 (a), converted to the energy 

scale, is shown in Figure 3.5 (b). 

3.6 Experimental validation of the simulation model 

3.6.1 Validation for 137Cs 

The simulated spectrum with the 137Cs source and the background subtracted experimental 

spectrum, recorded with the setup described at Section 3.4 and the 137Cs test source, are 

presented and compared in Figure 3.6. 
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Figure 3.5: (a) Experimentally acquired spectrum of 137Cs + 60Co source with a 50.8 mm ϕ × 

50.8 mm L cylindrical CsI(Tl) scintillator, along with the derived energy calibration, (b) The 

same spectrum converted to energy scale. 

The values of energy resolution at 662 keV for the two spectra, calculated using Equation 

(1.10), are also shown in Figure 3.6. Good matching between the two spectra near the full-

energy peak region is evident from Figure 3.6. The mismatch of the energy resolution may be 

inferred to be due to the fact that the simulated spectrum does not include some of the factors 

that are responsible for additional broadening of the experimental spectrum, as described in 

Section 1.3.3.2.1. For example, factors like nonuniformity of light yield over the volume of 
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the scintillator, fluctuations of gain of the PMT from event to event, electronic noise, drifts in 

operating parameters over the course of measurement, etc. are not included in the simulation 

model. On the other hand, it is also visible from Figure 3.6 that there is a systematic 

underestimation in the simulated spectrum compared to the experimental spectrum. This may 

be due to the fact that the surrounding materials, detector's ancillary equipment, etc. which 

were present in the laboratory during the experimental measurement, may have resulted in a 

significant amount of scattered radiation, which was not modeled in simulation. Further, the 

evident mismatch near the 32 keV peak between the simulated and the experimental spectra, 

also visible in Figure 3.6, may be due to the fact that CsI(Tl) has some nonproportionality of 

light yield at this low energy region. Therefore, the linear relationship between pulse-height 

and energy, as shown in Figures 3.4 (a) and 3.5 (a), although being accurate at the calibration 

energy regime (662-1332 keV), does not hold near the 32 keV peak region [166]. 

 

Figure 3.6: Comparison of experimental and simulated spectra of 137Cs for a 50.8 mm ϕ × 

50.8 mm L cylindrical CsI(Tl) scintillator [166]. 

3.6.2 Validation for 41Ar 

The simulated spectrum with the 41Ar source and the background subtracted experimental 

spectrum, recorded with the 41Ar containing Marinelli beaker, are presented and compared in 
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Figure 3.7. The values of energy resolution at 1293 keV for the two spectra, calculated by 

fitting Gaussian functions to the full-energy peaks (also shown) and using Equation (1.10), 

are also presented in Figure 3.7. 

 

Figure 3.7: (a) Simulated spectrum of 41Ar for a 50.8 mm ϕ × 50.8 mm L cylindrical CsI(Tl) 

scintillator, (b) Experimental spectrum of 41Ar containing air filled in a Marinelli beaker. 

Similar to Figure 3.6, it can be seen from Figure 3.7 that there is good matching 

between the simulated and the experimental spectra in the 1293 keV full-energy peak region. 
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The mismatch of energy resolution between the two spectra is also lesser at 1293 keV than 

that at 662 keV. This may be due to the better SNR at the higher energy of 1293 keV than 

that at 662 keV, thereby resulting in reduction of electronic noise. The backscatter region is 

still missing in the simulated spectrum, however, which may be due to the same reason as 

pointed out in Section 3.6.1. 

The matching of the simulated and the experimental spectra near the full-energy peak regions 

of both the Figures 3.7 and 3.8, however, ensures that the simulation parameters may be 

optimized by observing the effects of their variation on the simulated spectrum [166]. 

3.7 Effect of variation of simulation parameters 

3.7.1 Efficiency of the photodetector (η) 

As mentioned in Section 2.3.2.2.3.2, η is equivalent to the QE of the photodetector coupled to 

the scintillator. When CsI(Tl) is coupled to the Hamamatsu R1306 PMT, the EWQE is only 

0.05, i.e., 5%, as mentioned in Section 3.2.4 [138]. On the other hand, when CsI(Tl) is 

coupled to the Hamamatsu S3590-08 silicon photodiode which has a photosensitivity, 

𝑅𝜆 =  0.36 𝐴 𝑊⁄  at λ = 540 nm [191], the quantum efficiency at this wavelength becomes 

[166], 

𝑄𝐸𝜆 =
𝑅𝜆
𝜆

×
ℎ𝑐
𝑒
≈
𝑅𝜆 (𝐴

𝑊
)

𝜆 (𝑛𝑚)
× 1240 �

𝑊.𝑛𝑚
𝐴

� =
0.36
540

× 1240 = 0.8267 (3.5) 

where h (= 6.626 × 10-34 J.s) is the Planck's constant, c (= 3 × 108 m/s) is the speed of light in 

vacuum, and e (= 1.602 × 10-19 C) is the electronic charge. 

Therefore, simulated spectra were generated with 137Cs source for η = 0.05 and η = 

0.8267, keeping all other parameters unchanged. The two simulated spectra (in pulse-height 

scale) are shown in Figure 3.8. It can be seen from Figure 3.8 that the energy resolution 

drastically improves when the CsI(Tl) scintillator is coupled to a photodiode with a much 

higher QE, with respect to the case when it is coupled to a PMT.  
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Figure 3.8: (a) Simulated spectra of 137Cs for efficiency, η = 0.05 (typical of PMT) and (b) 

efficiency, η = 0.8267 (typical of photodiode). In both cases, the gain (G) of the 

photodetector is taken to be 2.7 × 105, which is typical of PMT [166]. 

However, it is difficult to experimentally achieve this theoretical limit of energy 

resolution of nearly 3% when CsI(Tl) is coupled to a photodiode. It is to be noted that only 

the value of η has been changed for the two cases, keeping another practically important 

factor, i.e., the gain (G of Equation (3.4)) of the photodetector unchanged. The photodiode 

only has a gain (G) of unity. As a result, the SNR is much lower than that achievable with a 

PMT, and therefore, the energy resolution worsens, as described in Section 1.2.3.1.3. On the 
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other hand, due to the high gain (G) of the PMT, the SNR improves very much, and 

therefore, the theoretically predicted energy resolution values are closely achievable when the 

experimental assembly consists of the CsI(Tl) scintillator coupled to a PMT. Also, the surface 

area of the photodetector is taken to be the same in both the cases. However, photodiodes are 

practically available with much lower surface areas, as mentioned in Section 1.2.3.1.3. It is 

also to be mentioned here that the effect of nonproportionality of light yield on the energy 

resolution is not considered here because the resolution scale is taken to be 1, as mentioned in 

Section 3.2.3. If this effect is considered, the energy resolution as low as 2.91% may not be 

achievable [166]. 

It can also be seen from Figure 3.8 that the pulse-height, as calculated from Equation 

(3.4), is much higher in Figure 3.8 (b) than in Figure 3.8 (a). This only signifies that the 

pulse-height would have been much higher with the photodiode had it have the same gain as 

the PMT but its own (much higher) QE. It is also to be mentioned that the values of pulse-

height in Figure 3.8 are completely arbitrary because they are calculated from Equation (3.4) 

by taking an arbitrary value for C. The value of G also varies for each photodetector. 

Therefore, for each practical detector system, the absolute pulse-height would change. 

In a practical detector system consisting of a scintillator coupled to a PMT, the 

mismatch of refractive indices between the scintillator and the glass entrance window of the 

PMT, as well as that between the glass and the deposited photocathode material, may 

decrease the QE due to reflection losses. When an optical grease is used to couple the 

scintillator to the PMT, this effect can be greatly reduced as the grease minimizes the 

refractive index mismatch. This effect is therefore not considered in simulation where the 

material of the photodetector is taken to be the same as that of the scintillator. Also, the 

values of η considered for simulation are taken from the experimentally measured and 
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reported values for the mentioned photodetectors [191], [200]. This measurements already 

take care of the reflection losses, if any [166]. 

Subsequent to this, simulated spectra were also generated with 137Cs for several 

additional values of η, keeping all other parameters unchanged, in order to see the 

quantitative dependence of the simulated spectra on this parameter. Gaussian functions were 

fitted to the 662 keV full-energy peak of each simulated spectrum. The energy resolution 

values at 662 keV were calculated using Equation (1.10). These, and the peak-pulse-height 

values (PPH) at 662 keV are shown as functions of η in Figure 3.9. 

 

Figure 3.9: Variation of the energy resolution at 662 keV and the corresponding peak-pulse-

height with efficiency (η) of the photodetector [167]. 

The equation of the best-fit curve between energy resolution at 662 keV and η is 

found to be [167], 

𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (%) = 1.66872 +
1.02041
�𝜂

 (3.6) 

It is known that energy resolution is inversely proportional to the square root of nph (see 

Equation (1.11)). On the other hand, nph is directly proportional to η because the optical 

photons are detected with a probability η at the scintillator-photodetector interface. Therefore, 
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energy resolution should also be proportional to the square root of η, as is predicted by 

Equation (3.6). 

The equation of the best-fit straight line between PPH at 662 keV and η is found to 

be [167], 

𝑃𝑃𝐻 (𝑉) = 1.5041 × 𝜂 − 2.47152 × 10−4 (3.7) 

As PPH is proportional to nph which, in turn, is proportional to η, the result presented in 

Equation (3.7) is justified. 

Equations (3.6) and (3.7) present the quantitative behavior of energy resolution and 

PPH at 662 keV, respectively. For this scintillator-photodetector assembly, therefore, values 

of energy resolution and PPH at 662 keV can be predicted a priori from these equations for 

any arbitrary value of η that might be encountered while working with a new photodetector, 

provided η is known for the same [167]. 

It is to be mentioned here that the values of PPH presented in Figure 3.8 and 

Equation (3.7) are arbitrary, since they are calculated from Equation (3.4) with arbitrary 

values of C. Also, the value of G should be unique for each photodetector. Therefore, actual 

values of PPH would be different for practical detectors. The values of the constant 

parameters in Equation (3.7) should also vary for each particular setting of the constants C 

and G. However, the functional relationship would be the same. 

3.7.2 Gain of the photodetector (G) 

The Hamamatsu S3590-08 silicon photodiode has a gain, G = 1 and efficiency, η = 0.8267 

[191], whereas all simulations reported in Section 3.7.1 were performed with G = 2.7 × 105, 

which is the gain of the Hamamatsu R1306 PMT [200]. Therefore, the simulation was 

repeated with 137Cs for the combination (G = 1, η = 0.8267). For this case, it was seen that the 

pulse-height of the simulated spectrum was scaled down by a constant factor of 2.7 × 105 

relative to the simulated spectrum with the combination (G = 2.7 × 105, η = 0.8267), whereas 
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the energy resolution at 662 keV was unchanged. This is straightforward because the pulse-

height is calculated using Equation (3.4), where nph has not changed between these two 

simulations since η has remained unchanged. Only the constant G has been changed, and 

therefore, the pulse-height has been appropriately scaled down. This result, however, more 

importantly indicates that in the hypothetical scenario where gain could be increased without 

introducing additional electronic noise, the CsI(Tl)-photodiode assembly would offer 

improved energy resolution compared to the CsI(Tl)-PMT assembly [166]. 

3.7.3 Capacitance of the electronic circuit (C) 

The simulation was repeated with 137Cs for C = 1 pF instead of C = 1 nF, keeping G = 2.7 × 

105 and η = 0.05 (typical for the Hamamatsu R1306 PMT). It was seen that the pulse-height 

of the simulated spectrum simply got scaled up by a factor of 103 (= 1 nF/1 pF) with respect 

to the simulated spectrum presented at Figure 3.8 (a), whereas the energy resolution at 662 

keV remained unchanged. This is due to the fact that nph did not change between these two 

simulations because η remained unchanged. Only the constant C of Equation (3.4) was 

decreased, and therefore, the pulse-height was appropriately scaled up [166]. 

3.7.4 Reflectivity of the scintillator-reflector interface (R) 

The impact of R on the energy spectrum of a plastic scintillator based system has been 

reported earlier in [180]. Here the impact of R on the energy spectrum of a CsI(Tl) scintillator 

based system is investigated. Typical reflector materials used to coat scintillators have a 

reflectivity (R) in the range 0.7-1.0 [147]. Therefore, simulated spectra were generated 

with 137Cs for several values of R in this range, keeping all other parameters unchanged from 

those mentioned in Section 3.2. Figure 3.10 shows the simulated spectra for different values 

of R. It is evident from Figure 3.10 that as R increases, the energy resolution improves and 

the pulse-height increases. The marked improvement in the spectra for only a nominal 1% 

increase in R shows how important this parameter is. Therefore, for aluminum foil, which is a 
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commonly used reflector having a notably low reflectivity [204], the pulse-height spectra are 

expected to have much poorer energy resolution than when other reflectors with higher 

reflectivity are used [166]. 

 

Figure 3.10: Simulated spectra of 137Cs for different values of reflectivity (R) of the 

scintillator-reflector interface [166]. 

The values of energy resolution at 662 keV and the corresponding PPH values, 

obtained by fitting Gaussian functions to the full-energy peaks of Figure 3.10, are shown as 

functions of R in Figure 3.11. The equation of the best-fit straight line between energy 

resolution at 662 keV and R is found to be [166], 

𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (%) = −45.55904 × 𝑅 + 50.99045 (3.8) 

The negative sign of the coefficient of R in Equation (3.8) ensures that resolution decreases 

(i.e., improves) when R increases. It is known, on the other hand, that 𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 ∝

1 �𝑛𝑝ℎ⁄ . Therefore, it can be inferred from Equation (3.8) that nph increases as a quadratic 

function of R. 

The equation of the best-fit curve between PPH at 662 keV and R is found to be 

[166], 
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𝑃𝑃𝐻 (𝑉) = 0.16154 − 0.39728 × 𝑅 + 0.31596 × 𝑅2 (3.9) 

As PPH is directly proportional to nph, it can be inferred from Equation (3.9) that nph 

increases as a 2nd order polynomial of R [166]. 

 

Figure 3.11: Variation of the energy resolution at 662 keV and the corresponding peak-

pulse-height with reflectivity (R) of the scintillator-reflector interface [166]. 

3.7.5 Surface finish of the scintillator-reflector interface 

As described in Section 2.3.2.2.3.2, there are overall six types of surface finish (P, G, PFP, 

GFP, PBP and GBP) available for a dielectric-dielectric surface in the UNIFIED model of 

GEANT4. Simulated spectra were generated with 137Cs for all these six types of surface 

finish of the scintillator-reflector surface, keeping the surface roughness, 𝜎𝛼 = 0°. The six 

simulated spectra were seen to be nearly indistinguishable from one another. This indicates 

that the parameter surface finish does not affect the pulse-height spectra much for the specific 

scintillator-reflector combination studied here. The values of energy resolution at 662 keV for 

the six simulated spectra are presented in Table 3.2. It is evident from Table 3.2 that the 

values of energy resolution at 662 keV for the six simulated spectra are almost identical, 

barring some small differences. These small differences may be due to the slight differences 
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in choosing the region-of-interest (ROI) near the full-energy peaks for fitting the Gaussian 

functions, as well as the slight inaccuracies of fitting [166]. 

Table 3.2: Values of energy resolution at 662 keV for six simulated spectra with different 

choices of surface finish of the scintillator-reflector interface. In all the six cases, 𝜎𝛼 = 0° 

[166]. 

Surface finish Energy resolution (%) at 662 keV 
G 6.7 

GFP 6.29 
GBP 6.27 

P 6.12 
PFP 7.85 
PBP 6.28 

It needs to be mentioned here that the possibility of an imperfectly coated scintillator 

was not considered in simulation, i.e., no air gap was introduced between the scintillator and 

the reflector. For an imperfectly coated scintillator, however, the pulse-height spectra may get 

significantly deteriorated due to loss of some of the optical photons resulting from refractive 

index mismatch at the scintillator-air and the air-reflector interfaces [166]. 

3.7.6 Surface roughness of the scintillator-reflector interface (σα) 

In order to see the impact of σα on the simulated spectra, simulations were performed 

with 137Cs for two different values of this parameter, 0º and 12º, for two different types of 

surface finish, G and GFP of the scintillator-reflector interface. The lower and the higher 

values of σα resemble a perfectly polished scintillator and a very rough scintillator, 

respectively [180], [183]. The simulated spectra in the four cases were found to be nearly 

indistinguishable from one another. Table 3.3 depicts the values of energy resolution at 662 

keV for the four cases. It is seen from Table 3.3 that the parameter surface roughness (σα) 

does not affect the simulated spectra significantly for the studied scintillator-reflector 

combination [166]. 
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Table 3.3: Values of energy resolution at 662 keV for two different values of surface 

roughness (σα) of the scintillator-reflector interface with two different surface finish G and 

GFP [166]. 

Surface roughness, σα 
Energy resolution (%) at 662 keV 

G GFP 
0º 6.7 6.29 
12º 6.2 6.33 

3.7.7 Reflection type 

There are a total of four types (SS, SL, L and BS) of reflection in the UNIFIED model of 

GEANT4 for a dielectric-dielectric interface. For a practical reflector material, the reflection 

type is a function of the incident angle of the optical photons. Therefore, for those reflectors 

which exhibit a combination of different types of reflection, the fraction of each type also 

depends on the incidence angle. For example, the fraction of specular and Lambertian 

reflection types as a function of the incidence angle is presented in [205]. For two different 

types of surface finish, G and GFP, simulated spectra were generated with 137Cs for different 

combinations of the four reflection types, SS, SL, L and BS. All the simulated spectra were 

nearly indistinguishable from one another. Therefore, it may be inferred that the parameter 

reflection type does not impact the simulated spectra much for the particular scintillator-

reflector combination studied herein. The values of energy resolution at 662 keV for all these 

simulated spectra are presented in Table 3.4, wherein it is evident that the energy resolution is 

fairly constant in all the cases [166]. 

3.7.8 Resolution scale 

As defined in Section 2.3.2.2.1, if the resolution scale is greater than unity, there would be 

broadening of the full-energy peaks due to nonproportionality of light yield. For all the 

simulations reported so far, the resolution scale was taken to be unity. Therefore, light yield 

nonproportionality was not considered. 
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Table 3.4: Values of energy resolution at 662 keV for different combinations of the four 

reflection types with two different surface finishes G and GFP [166]. 

Reflection type Energy resolution (%) at 662 keV 
GFP G 

L = 1.0 6.29 6.7 
SL = 0.9, L = 0.1 5.97 6.37 
SL = 0.8, L = 0.2 6.52 6.87 

SL = 0.9, BS = 0.1 6.10 6.21 
SL = 0.8, BS = 0.2 6.43 6.31 
SL = 0.9, SS = 0.1 6.23 6.50 
SL = 0.8, SS = 0.2 6.79 5.97 

SL = 1.0 6.02 6.13 

This parameter, which represents the extent of nonproportionality of light yield in a 

scintillator, can be tuned in order to match the energy resolution values of the experimental 

and the simulated spectra. Resolution scale is closely related to the photon Fano factor, which 

may be significantly greater than unity for doped scintillators like CsI(Tl). Its exact value is 

not reported in literature for CsI(Tl), but it is available for some other scintillators in [206]. 

Therefore, simulations were performed with 137Cs for various values of resolution scale. 

Figure 3.12 shows the individual simulated spectra for different values of the parameter 

resolution scale. It can be seen from Figure 3.12 that the energy resolution of the 662 keV 

peak gradually deteriorates as resolution scale increases, whereas the corresponding peak-

pulse-height remains almost unaltered. The energy resolution at 662 keV and the 

corresponding peak-pulse-height were also plotted as functions of resolution scale and the 

same is shown in Figure 3.13. It is seen from Figure 3.13 that the energy resolution at 662 

keV increases (worsens) linearly as resolution scale increases, whereas the peak-pulse-height 

remains constant. Therefore, due to a higher degree of nonproportionality of light yield in 

CsI(Tl), it should be expected that the energy resolution would deteriorate but the pulse-

height would be unchanged [166]. 
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Figure 3.12: Simulated pulse-height spectra with 137Cs for different values of the parameter 

resolution scale. The full-energy peak broadens as this parameter increases, whereas the 

centroid of the peak remains unchanged. 

 

98 



 
Figure 3.13: Variation of the energy resolution at 662 keV and the corresponding peak-

pulse-height with the parameter resolution scale. 

3.7.9 Scintillation yield (N) 

Each scintillator has a characteristic scintillation yield (N), e.g., for CsI(Tl) it was taken to be 

65,000 photons/MeV for all simulations reported so far. However, this parameter may vary 

from one sample to another due to variation in doping concentration and/or co-doping, if any, 

residual impurity concentration, etc. The scintillation yield also depends on the energy of the 

incident gamma photons. Simulations were, therefore, performed with 137Cs for various 

hypothetical values of N in order to see the effect of this parameter on the simulated spectra. 

Figure 3.14 shows the simulated spectra for different values of N. It is clear from Figure 3.14 

that as N increases, the energy resolution improves and the pulse-height increases [166]. The 

values of energy resolution at 662 keV and the corresponding PPH values are shown as 

functions of N in Figure 3.15. The equation of the best-fit curve between energy resolution at 

662 keV and N is found to be [166], 

𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (%) = 0.76714 +
1418.29898

√𝑁 (𝑝ℎ𝑜𝑡𝑜𝑛𝑠/𝑀𝑒𝑉)
 (3.10) 

On the other hand, the equation of the best-fit straight line between PPH at 662 keV and N is 

found to be [166], 
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𝑃𝑃𝐻 (𝑉) = 1.15273 × 10−6 × 𝑁 �
𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑀𝑒𝑉

� + 1.05333 × 10−4 (3.11) 

It is known that 𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 ∝ 1 �𝑛𝑝ℎ⁄  and 𝑃𝑃𝐻 ∝ 𝑛𝑝ℎ. On the other hand, nph is directly 

proportional to N. This justifies the functional relationships presented in Equations (3.10) and 

(3.11) [166]. 

 

Figure 3.14: Simulated spectra of 137Cs for different values of scintillation yield (N 

(photons/MeV)) of the scintillator [166]. 

.  

Figure 3.15: Variation of the energy resolution at 662 keV and the corresponding peak-

pulse-height with scintillation yield (N) of the scintillator [166]. 
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3.7.10 Size of the scintillator 

Simulated spectra were generated with 137Cs for different sizes of the cylindrical CsI(Tl) 

scintillator, keeping all simulation parameters unchanged from those mentioned in Section 

3.2. The studied scintillator sizes were 1" ϕ × 1" L (25.4 mm ϕ × 25.4 mm L), 2" ϕ × 2" 

L(50.8 mm ϕ × 50.8 mm L) and 3" ϕ × 3" L (76.2 mm ϕ × 76.2 mm L). In each case, the 

diameter of the photodetector was taken to be same as that of the scintillator, keeping its 

length fixed at 10 mm. The comparison of the three simulated spectra is shown in Figure 

3.16, wherein it is evident that as the size of the scintillator increases, the photopeak 

efficiency increases but the PPH slightly decreases. 

 

Figure 3.16: Comparison of simulated spectra with 137Cs for 25.4 mm ϕ × 25.4 mm L, 50.8 

mm ϕ × 50.8 mm L and 76.2 mm ϕ × 76.2 mm L cylindrical CsI(Tl) scintillators [166]. 

The first of these is because with an increase of the volume of the scintillator, the energy 

deposition by the incident gamma photons increases, and therefore, there is a better chance of 

full-energy deposition. On the other hand, the gamma photons are incident on the front 

surface of the scintillator, and therefore, the optical photons are predominantly generated near 

this surface. For a longer scintillator, these generated optical photons have to travel longer 

distances through the scintillator, and therefore, undergo more number of reflections at the 
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scintillator-reflector interface, before they can reach the coupled photodetector. Because of 

the greater extent of loss of optical photons due to reflections for a longer scintillator, 

therefore, the light collection at the photodetector becomes correspondingly poorer. This 

explains why the PPH slightly decreases with increasing size of the scintillator. It is 

important to mention here that the bulk absorption of optical photons within the scintillator 

was not considered in simulation. In fact, the bulk absorption length was taken to be 5 m, 

which is much larger than the largest dimension of the scintillator, as mentioned in Section 

3.2.3. For even larger dimensions of scintillator, however, the bulk absorption may play an 

important role in reducing the number of optical photons reaching the photodetector, and, 

consequently, the PPH. The impact of the shape of the scintillator on the pulse-height 

spectrum may be an useful further study [166]. 

Subsequently, in order to see the effect of the size of the scintillator on the simulated 

spectra for a higher gamma energy, spectra were generated by simulation with the source at 

serial number 4 of Table 3.1 (208Tl). 208Tl is a naturally occurring radioisotope of Tl with a 

gamma energy of 2614 keV, and a progeny of the 232Th decay series. The comparison of the 

simulated spectra with 208Tl for the three sizes of the scintillator is presented in Figure 3.17. It 

is clear from Figure 3.17 that the 2614 keV photopeak efficiency is considerably less for the 

25.4 mm ϕ × 25.4 mm L scintillator, as compared to the other two. This is because the 25.4 

mm ϕ × 25.4 mm L scintillator is too small to offer good enough photoelectric absorption 

probability at 2614 keV. It can also be seen from Figure 3.17 that the PPH at 2614 keV 

decreases slightly as the size of the scintillator increases. This behavior is similar to that at 

662 keV. 

Table 3.5 presents the values of energy resolution at 662 keV and 2614 keV for the 

three sizes of the scintillator. It is clear from Table 3.5 that the energy resolution at both the 

energies is more or less independent of the size of the scintillator. It is to be noted, however, 
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that if the dimensions of the scintillator are increased so much that the bulk absorption of 

optical photons within the scintillator can no longer be neglected, or if the reflectivity of the 

scintillator-reflector interface is reduced, or if the shape of the scintillator is changed so as to 

make the light collection geometry more complex, the energy resolution may vary 

considerably with size of the scintillator [166]. 

 

Figure 3.17: Comparison of simulated spectra with 208Tl for 25.4 mm ϕ × 25.4 mm L, 50.8 

mm ϕ × 50.8 mm L and 76.2 mm ϕ × 76.2 mm L cylindrical CsI(Tl) scintillators [166]. 

Table 3.5: Values of energy resolution at 662 keV and 2614 keV for different dimensions of 

the CsI(Tl) scintillator [166]. 

Scintillator dimension Energy resolution (%) 
662 keV 2614 keV 

25.4 mm ϕ × 25.4 mm L 6.31 3.60 
50.8 mm ϕ × 50.8 mm L 6.29 3.44 
76.2 mm ϕ × 76.2 mm L 6.35 3.73 

3.8 Conclusion 

In this chapter, it was shown how Monte Carlo simulation including optical photon transport 

could provide valuable information about the parameters that influence the pulse-height 

spectra from scintillator based gamma spectrometers. For the studied scintillator-

photodetector assembly, it was observed that the scintillation yield and the resolution scale of 
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the scintillator, the reflectivity of the scintillator-reflector interface and the efficiency of the 

photodetector were the most impactful parameters. Useful analytical relationships between 

these simulation parameters and the energy resolution as well as the peak-pulse-height of the 

simulated spectra were also obtained. On the other hand, parameters such as surface finish, 

surface roughness and reflection type were found to have relatively lesser impacts on the 

pulse-height spectra. 

These results are likely to facilitate the design of scintillator based gamma 

spectrometers by acting as a guide to choose the favorable properties of the scintillator-

photodetector assembly for the particular application under consideration. Although 

developed and experimentally validated for CsI(Tl), the simulation model is quite generic and 

can be extended to another scintillator by substituting appropriate parameters for the specific 

scintillator and thereafter validating the model experimentally [166]. 
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CHAPTER 4 

SIMULATION STUDIES ON GGAG:Ce AND GGAG:Ce,B 

4.1 Introduction 

The Ce-activated Gd3Ga3Al2O12 single crystal (GGAG:Ce) is a new scintillator material, 

reported for the first time in the year 2011 [89], [207]. It belongs to the class of the Ce-doped 

rare earth aluminum garnets, which are typically characterized by a high scintillation yield 

combined with a fast decay time, owing to the allowed 5d-4f electronic transitions within the 

Ce-activator states. Besides, this scintillator has a high gamma ray absorption coefficient due 

to its high density (6.67 g/cm3 [94]) and high Zeff (55) [92], [100], [208]. It is also rugged, 

non-hygroscopic, has high radiation hardness and is free from internal radioactive 

contamination [209]. It has a scintillation emission spectrum that peaks at nearly 530 nm, as 

measured experimentally and presented in Section 2.2, and also reported in [91], [157], [207], 

[210], [211]. Therefore, like CsI(Tl), GGAG:Ce can also be coupled with silicon based 

photodetectors for improved performance than with PMTs. 

Since the discovery of GGAG:Ce by Kamada et al. [89], [90], [207], [210], [212], 

several groups of researchers have reported many of its properties and applications. Its 

scintillation yield has been variously reported in the range 33,000-55,000 photons/MeV [89], 

[91], [92], [94], [157], [207], [208], [210], [212]. The decay times for gamma irradiation also 

have been shown to vary in the range 42-127 ns (fast component) and 158-595 ns (slow 

component) [89], [91], [92], [157], [211]–[213]. It is understood that as the Ce-doping 

concentration increases beyond 1 at% with respect to Gd, the light yield decreases due to 

concentration quenching of Ce. Due to the same reason, the decay times, on the other hand, 

also decreases [89]. Crystals with a nominal Ce concentration of 0.2 at% with respect to Gd 

have been most widely grown and studied, for which a scintillation yield of about 46,000 

105 



photons/MeV and decay times of about 52 ns (fast, nearly 73%) and 282 ns (slow, nearly 

27%) are more or less agreed upon [89], [207]. It can be mentioned, however, that the 

ambiguities in the values of the scintillation yield and the decay times are still present, and 

generally varies from one sample to another. 

Co-doping GGAG:Ce with B3+ and Ca2+ ions has resulted in crystals with varied 

properties. For example, it has been observed that B3+ co-doping increases the scintillation 

yield but also increases the decay times [94], [98]. On the other hand, Ca2+ co-doping 

decreases both [94]–[96], [98]. For gamma spectrometry applications, therefore, where the 

requirement of a superior energy resolution is at a premium, the boron co-doped scintillator 

should be preferred. On the other hand, for fast timing and/or high counting rate applications, 

the calcium co-doped scintillator could be a better choice. 

Further, post growth annealing at oxidizing environment has shown to increase the 

scintillation yield and decrease the decay times of these scintillators due to the elimination of 

the oxygen vacancies that result from the crystals being grown in an inert atmosphere [98], 

[157]. Further, if these crystals are kept in dark for long times, their scintillation yield 

decreases due to emptying of room temperature trap centers. Heating the scintillators also 

results in the same behavior. Exposure to ambient light increases the scintillation yield [98]. 

Monte Carlo simulation based optimization may help in the planning of future 

experiments as well as in the design of gamma spectrometers based on these relatively new 

versatile scintillators. However, Not many Monte Carlo based studies have been carried out 

for this scintillator so far, apart from the efficiency studies as reported in [208]. Therefore, in 

the present study, the development of a GEANT4 based Monte Carlo simulation model for 

these crystals including optical transport has been attempted. The following sections of this 

chapter describe the details of the simulation studies and their results.  
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4.2 Simulation studies on a 2" ϕ × 2" L GGAG:Ce scintillator 

4.2.1 Simulation methodology 

The simulation methodology presented here is similar to that reported in Section 3.2 for 

CsI(Tl). Therefore, only those parameters which are different for GGAG:Ce are discussed in 

detail. 

The simulation model was built to match the experimental assembly consisting of a 

GGAG:Ce cylindrical single crystal scintillator with nominal dimensions 2" ϕ × 2" L (50.8 

mm ϕ × 50.8 mm L) (Make: Epic Crystals [209]). Some of the parameters of the scintillator, 

available from the manufacturer's website, are summarized in Table 4.1.  

Table 4.1: Some parameters of the GGAG:Ce scintillator (Make: Epic Crystals [209]) used 

for experiments and modeled in simulation. 

Parameter Value 
Density 6.6 g/cm3 

Refractive index 1.9 
Scintillation yield 42,000 photons/MeV 

Decay time 90 ns 
Emission wavelength (max) 530 nm 

Hygroscopic No 
Self radiation No 

The simulation geometry was same as that depicted in Figure 3.1, except for the fact 

that the CsI(Tl) scintillator crystal would be replaced by GGAG:Ce. Only the sources at serial 

numbers 1 and 2 of Table 3.1 were used for the simulations reported herein. 

The modeled scintillator crystal was Gd3Ga3Al2O12:Ce with a Ce-doping 

concentration of 0.2 at% with respect to Gd. The actual Ce concentration of the scintillator used 

for experiments was not mentioned by the manufacturer. The approximate Ce concentration 

was therefore taken to be equal to that of the in-house grown crystals, i.e., 0.2 at% (see Table 

2.1). The Ce-doping concentration affects the scintillation yield and the decay times of the 

scintillator, as described in Section 4.1. However, as long as these parameters are accurately 

incorporated into the simulation, uncertainties in modeling the doping concentration should not 
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affect the results. The doping concentration may, on the other hand, influence the radiation 

transport calculations. However, the associated error should be negligible as long as the 

modeled Ce concentration is of the same order of magnitude as the actual Ce concentration. 

The density of the scintillator was taken to be 6.6 g/cm3, as per Table 4.1. The photodetector, 

reflector, and the detector enclosure were modeled exactly like those mentioned in Section 

3.2.2. 

As the scintillation emission spectrum of the GGAG:Ce scintillator was not available 

from the manufacturer, the experimentally measured emission spectrum of GGAG:Ce,B, 

presented in Figure 2.9, was incorporated into the program after normalizing and converting it 

into the energy scale, and finally storing 32 normalized intensity values against the 32 photon 

energy values, as per the scheme suggested in Section 3.2.3. This assumption could be made 

because Tyagi et al. [98] have shown that boron co-doping does not alter the emission 

spectrum of GGAG:Ce. As only one decay time constant was mentioned by the manufacturer, 

the emission spectrum was not separated into the fast and the slow components. Rather, it was 

implemented as a single (fast) component with a decay time of 90 ns (see Table 4.1) and yield 

ratio 1 (see Section 2.3.2.2.2). The refractive index of GGAG:Ce was taken to be 1.91 at all the 

32 energy points, as per Table 4.1. The values of the (bulk) absorption length, Rayleigh 

scattering length and Mie scattering length were taken to be same as those of CsI(Tl). The 

scintillation yield of GGAG:Ce was taken to be 42,000 photons/MeV, as per Table 4.1. The 

resolution scale was taken to be 1. Scintillation and optical properties of the photodetector 

and the reflector were same as mentioned in Section 3.2.3. 

The value of the Birks' constant for GGAG:Ce is not available in literature. 

Avdeichikov et al. [197] have reported the values of this parameter for CsI(Tl), GSO:Ce and 

BGO, which are 1.52 × 10-3, 5.25 × 10-3 and 6.50 × 10-3 mm/MeV, respectively. Balcerzyk et 

al. [66] have shown that the nonproportionality characteristics of the oxyorthosilicates, 
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namely, YSO:Ce, LSO:Ce and GSO:Ce, are similar and the scintillation response of these 

crystals is known to be rather nonproportional [1]. It is shown in [1] that the 

nonproportionality behavior of GSO:Ce and BGO are nearly identical, whereas the 

scintillation response of LSO:Ce is further nonlinear at low energies. On the other hand, 

Iwanowska et al. [91] have shown that the nonproportionality characteristics of GGAG:Ce is 

similar to that of LSO:Ce at energies above 100 keV, whereas at lower energies the light 

output of GGAG:Ce is slightly less nonproportional than LSO:Ce. Also, it is evident from the 

data presented in [214] that the values of Birks' constant for undoped crystalline inorganic 

scintillators is generally higher than those for the doped ones. Therefore, it can be expected 

that the value of Birks' constant is somewhere close to that of GSO:Ce. This parameter was 

varied from 1.52 × 10-3 (equal to that of CsI(Tl)) to 1.52 × 10-2 mm/MeV (typical of a highly 

nonproportional scintillator) but there was no observable change in the simulated spectra. 

Therefore, the value of 1.52 × 10-3 mm/MeV (same as that of CsI(Tl)) was chosen for 

GGAG:Ce. 

All the surface properties mentioned in Section 3.2.4 were unchanged, including the 

efficiency of the scintillator-photodetector interface, which was taken to be, η = 0.05, because 

the emission spectra of both CsI(Tl) and GGAG:Ce (or, for that matter, GGAG:Ce,B) peak at 

nearly the same wavelength, as can be seen from Figures 2.8 and 2.9. 

The procedure for scoring and generation of simulated spectra were same as those 

mentioned in 3.2.5. 

4.2.2 Energy calibration by simulation 

The procedure for energy calibration was identical to that presented in Section 3.3. Figure 4.1 

(a) shows the simulated spectrum in pulse-height scale (according to Equation (3.4)) with the 

source at serial number 1 of Table 3.1, along with the derived energy calibration. Figure 4.1 (b) 

shows the same spectrum converted to energy scale. 
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Figure 4.1: (a) Simulated spectrum for a 50.8 mm ϕ × 50.8 mm L cylindrical GGAG:Ce 

scintillator using the source at serial number 1 of Table 3.1, along with the derived energy 

calibration, (b) The same spectrum converted to energy scale.  

4.2.3 Experimental measurements 

One of the flat surfaces of the 2" ϕ × 2" L cylindrical GGAG:Ce scintillator crystal (Make: 

Epic Crystals [209]) was hand-polished with suitable sand-papers to clear optical finish, 

whereas all other surfaces were ground. The polished surface was optically coupled to a 2" ϕ 

Hamamatsu R1306 PMT [200] by using a transparent optical grease (Dow Corning). Wrapping 
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with Teflon reflector was done similarly as described in Section 3.4. The scintillator-PMT 

assembly was enclosed in the same light-tight aluminum casing as described in Section 3.4. 

The anode pulse of the PMT was fed to a CAEN DT5790M dual digital pulse analyzer 

[215]. HV of 1000 V was also provided to the PMT from DT5790M. Energy spectra were 

generated by digital pulse processing (DPP) and acquired on a desktop via the data acquisition 

(DAQ) software CoMPASS [216]. 

137Cs and 60Co test sources were used for the experiments. During all the experiments, 

the sources were placed at a distance of 300 mm from the front surface of the aluminum casing. 

All spectra, including those of background, were recorded for an acquisition time of 100 s. 

4.2.4 Experimental energy calibration 

Background subtracted experimental spectrum acquired with 137Cs + 60Co test sources is 

shown in Figure 4.2 (a). Using similar procedure as described in Section 3.5, experimental 

energy calibration was carried out. The spectrum of Figure 4.2 (a), converted to energy scale, 

is shown in Figure 4.2 (b). 

4.2.5 Experimental validation of the simulation model 

Figure 4.3 presents the comparison of the spectrum generated by simulation using the 137Cs 

source of Table 3.1 and the background subtracted experimentally recorded spectrum with 

the 137Cs test source. The values of energy resolution at 662 keV for the two spectra, 

calculated using Equation (1.10), are also shown in Figure 4.3. It can be seen from Figure 4.3 

that there is a good matching between the two spectra near the 662 keV full-energy peak 

regions. 

The mismatch of the energy resolution values between the simulated and the 

experimental spectra, as well as the systematic underestimation by the simulation model in 

the Compton and backscatter regions, compared to those regions of the simulated spectrum, 

may be due to the factors described in Section 3.6.1. 

111 



 

Figure 4.2: (a) Experimentally acquired spectrum of 137Cs + 60Co source with a 50.8 mm ϕ × 

50.8 mm L cylindrical GGAG:Ce scintillator, along with the derived energy calibration, (b) 

The same spectrum converted to energy scale. 

The matching of the simulated and the experimental spectra near the full-energy 

peak regions of Figure 4.3, however, ensures that the simulation model can be used to find 

the optimized design of future GGAG:Ce-photodetector assemblies by investigating the 

effect of the various scintillation, optical, physical and surface parameters on the simulated 

spectra. 
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Figure 4.3: Comparison of experimental and simulated spectra of 137Cs for a 50.8 mm ϕ × 

50.8 mm L cylindrical GGAG:Ce scintillator. 

4.3 Simulation studies on small GGAG:Ce,B scintillators 

4.3.1 Simulation methodology 

A cubic GGAG:Ce,B scintillator crystal with dimensions of 10 × 10 × 10 mm3 was modeled 

in GEANT4. Figure 4.4 shows a schematic diagram of the yz plane cross-section of the 

simulation geometry along with the reference coordinate system [168]. The scintillator was 

coupled to a photodetector with active area of 10 × 10 mm2 and thickness 0.3 mm. These are 

the typical dimensions of a silicon photodiode. The scintillator-photodetector assembly was 

coated with a 1 mm thick reflector. 

The size of the scintillator was subsequently changed to 18 × 18 × 10, 18 × 18 × 18, 

and 18 × 18 × 25 mm3, keeping the active area of the photodetector always equal to the 

surface area of the scintillator. A parallel beam of gamma photons was modeled to be 

incident on the top surface of the scintillator along the negative z-direction and always 

entirely covering this surface. The energies of the incident gamma photons were sampled 

according to the source at serial number 2 (137Cs) of Table 3.1. 
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Figure 4.4: Schematic diagram of the yz plane cross-section of the simulation geometry 

consisting of a 10 × 10 × 10 mm3cubic GGAG:Ce,B scintillator crystal, along with the 

reference coordinate system (Figure not to scale) [168]. 

The GGAG:Ce,B material, assigned to the scintillator crystal in Figure 4.4, had Ce 

and B doping concentrations of 0.2 at% each with respect to Gd, as is typical for the 

GGAG:Ce,B single crystals grown in-house by the CZ technique (see Table 2.1). Its density 

was taken to be 6.67 g/cm3, as mentioned in [94]. The materials assigned to the photodetector 

and the reflector were same as those described in Section 3.2.2. 

The experimentally measured emission spectrum of GGAG:Ce,B (see Figure 2.9) 

was implemented into the program in a way similar to that described in Section 3.2.3. The 

normalized emission intensity as a function of wavelength is shown in Figure 4.5, whereas 

Figure 4.6 shows the same as a function of energy. The energy scale corresponding to the 

wavelength range 200-900 nm was converted to 32 points. For the GGAG:Ce,B crystals 

grown in-house by the CZ technique, described in Section 2.1.3.4, the values of τ1, τ2, A1 and 

A2 of Equation (3.1) were experimentally determined and reported in [92]. These values are 

τ1 = 61 ns, τ2 = 488 ns, A1 = 0.77 and A1 = 0.23. Using these, Q1 and Q2 of Equations (3.2) 

and (3.3) were calculated. Subsequently, each of the 32 normalized emission intensities 
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corresponding to the 32 energy points was divided into the fast and the slow components 

according to the ratio Q1/Q2. 

 

Figure 4.5: Normalized emission spectrum of GGAG:Ce,B. 

 
Figure 4.6: Normalized emission spectrum of GGAG:Ce,B as a function of photon energy. 

The material GGAG:Ce,B was assigned a refractive index of 1.9 at all the 32 energy 

points, i.e., throughout its own emission wavelength regime. The values of the (bulk) 

absorption length, Rayleigh scattering length and Mie scattering length were taken to be same 

as that of CsI(Tl). The scintillation yield of GGAG:Ce,B was taken to be 46,000 
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photons/MeV. The resolution scale was taken to be 1. Scintillation and optical properties of 

the photodetector and the reflector were same as mentioned in Section 3.2.3. 

The value of the Birks' constant for GGAG:Ce,B was taken to be 1.52 × 10-

3 mm/MeV due to the same reasons as described in Section 4.2.1. All the surface properties 

mentioned in Section 3.2.4 were unchanged, except for the efficiency of the scintillator-

photodetector interface, which was taken to be η = 0.90, which is close to the typical value 

for a silicon photodiode. The procedure for scoring and generation of simulated spectra were 

same as those mentioned in Section 3.2.5, except for the fact that the value of the gain of the 

photodetector (G) in Equation (3.4) was taken to be equal to that of a photodiode, i.e., unity. 

4.3.2 Impact of size of the scintillator on simulated spectra 

Figure 4.7 [168] shows the comparison of the simulated spectra with 137Cs for the four sizes 

of the scintillator, as mentioned in Section in 4.3.1. The values of energy resolution at 662 

keV and the corresponding PPH of the scintillators of different sizes, derived from Figure 

4.7, are presented in Table 4.2. 

 

Figure 4.7: Comparison of simulated spectra with 137Cs for 10 × 10 × 10, 18 × 18 × 10, 18 × 

18 × 18, and 18 × 18 × 25 mm3 GGAG:Ce,B scintillators [168]. 
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Table 4.2: Energy resolution and PPH at 662 keV for different dimensions of the 

GGAG:Ce,B scintillator. 

Size (mm3) Energy resolution (%) at 662 keV PPH (V) at 662 keV 
10 × 10 × 10 2.02 3.90290 × 10-6 
18 × 18 × 10 1.70 4.04409 × 10-6 
18 × 18 × 18 2.01 3.87998 × 10-6 
18 × 18 × 25 2.02 3.75495 × 10-6 

It is evident from Figure 4.7 as well as Table 4.2 that the PPH at 662 keV is higher 

for the 18 × 18 × 10 mm3 scintillator compared to the 10 × 10 × 10 mm3 scintillator. This is 

because of the fact that the higher detection volume of the former results in higher average 

energy deposition by the incident gamma photons, and consequently, higher PPH. It is also 

visible from Figure 4.7 that the photopeak efficiency of the former is also slightly higher. 

This is because with an increase in the volume of the scintillator, there is also a better chance 

of full-energy deposition by the incident gamma photons. 

On the other hand, among the three scintillators having a top surface area of 18 × 18 

mm2, the PPH is highest for the shortest scintillator, i.e., the one with dimensions 18 × 18 × 

10 mm3. For a longer scintillator, the optical photons have to travel longer distances through 

the scintillator, and therefore, undergo more number of reflections at the scintillator-reflector 

interface, before they can reach the coupled photodetector. Because of the greater extent of 

loss of optical photons due to reflections for a longer scintillator, therefore, the light 

collection at the photodetector becomes correspondingly poorer. This explains why the PPH 

decreases with increasing height of the scintillator. The PPH is expected to decrease even 

more if the reflectivity of the scintillator-reflector interface decreases. It is important to 

mention here that the bulk absorption of optical photons within the scintillator was not 

considered in simulation. In fact, the bulk absorption length was taken to be 5 m, which is 

much larger than the largest dimension of the scintillator.  
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It is also clear from Table 4.2 that the energy resolution deteriorates as the height of 

the scintillator increases. This is due to increasingly poorer light collection for the longer 

scintillators. Comparing the spectra from the 10 × 10 × 10 mm3 and the 18 × 18 × 18 mm3 

scintillators, it is clear that the increase in size increases the photopeak efficiency, without 

significantly affecting the energy resolution or the PPH at 662 keV. 

It is, however, important to note that the values of energy resolution presented in 

Table 4.2 may not be experimentally realizable if the scintillator is coupled to a photodiode. 

This is due to the additional factors that contribute to the broadening of the peaks in an 

experimental spectra (see Section 1.3.3.2.1), especially the noise in the photodiode that 

reduces the SNR significantly (see Section 1.2.3.1.3 and Section 3.7.1) [168]. 

4.4 Conclusion 

In this chapter, a Monte Carlo simulation model including optical transport was built and 

experimentally validated for a commercially available GGAG:Ce scintillator. This model can 

be used for studying the influence of various parameters on the resulting pulse-height spectra, 

as was done in Chapter 3 for the CsI(Tl) scintillator. Being a new scintillator, however, some 

of the parameters for GGAG:Ce are not available from literature and some other parameters 

also have a lot of ambiguity in their reported values. In the present study, therefore, the 

values of these debatable parameters were approximated. The developed simulation model 

may be improved by incorporating more accurate parameter values as and when they are 

available. 

The model was also extended to accommodate small GGAG:Ce,B scintillators. The 

impact of the size of the scintillator on simulated spectra was also investigated. It was 

observed that an increase in the height-to-surface area ratio of cuboid shaped scintillators 

generally resulted in poorer spectra due to less efficient light collection at the photodetector 

in case of longer scintillators. 
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CHAPTER 5 

SIMULATION STUDIES ON LIGHT GUIDES 

5.1 Introduction 

A light guide is usually employed between a scintillator and a photodetector when the former 

cannot be directly coupled to the latter. For example, when the size and/or shape of the 

scintillator does not match with those of the photodetector, or, in the particular case of PMTs, 

when the scintillator must be placed in a magnetic field but the PMT has to be kept away in 

order to shield it from the magnetic field, or when the light from a thin scintillator must be 

dispersed throughout the photocathode in order to avoid degradation of energy resolution 

arising from local fluctuations of the photocathode deposition thickness, a light guide 

becomes a useful component of the scintillator based detector assembly [1]. 

Light guides are optically transparent solids with polished surfaces and are usually 

coated with reflectors [1]. Their design usually promotes total internal reflection of light 

photons. A good light guide material has to have (i) good optical clarity, (ii) good mechanical 

properties so that it can be easily made in different shapes and sizes, and (iii) very little 

natural scintillation response of its own to ionizing radiation [217]. Poly(methyl 

methacrylate), or PMMA [218], also referred to as Acrylic and having different trade names 

like Lucite, Perspex, Plexiglas, Rohaglas, etc., is the most widely used light guide material. It 

is a transparent plastic with a refractive index of 1.49-1.51 [1], [217] and can be easily 

manufactured in complex shapes in order to provide a smooth transition between surfaces of 

scintillators and those of photodetectors. Another popular light guide material is quartz, 

which also has similar properties. 

It must be remembered that any light guide which has a larger cross-sectional area 

on the scintillator end than on the photodetector end must result in some loss of optical 
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photons. This is due to the fact that the flux of optical photons per unit area per unit solid 

angle at any point inside the light guide can never be greater than that at its input [1]. For an 

unchanged cross-sectional area of the light guide throughout its length, however, it is 

theoretically possible to collect all the photons from a scintillator to a photodetector of equal 

or larger cross-sectional area. 

A suitably designed light guide can help in efficient light collection from a larger 

scintillator to a smaller photodetector. With this motivation, a GEANT4 based Monte Carlo 

simulation model was developed to study the impact of incorporation of light guides between 

larger scintillators and smaller photodetectors on the resulting gamma ray pulse-height 

spectra. For the scintillators CsI(Tl) and GGAG:Ce, whose emission spectra are better 

matched with silicon based photodetectors than with PMTs, this study can be useful because 

the silicon based photodetectors are limited to sizes of only up to a few cm2, whereas 

scintillators with much bigger sizes are usually required for gamma spectrometry. 

5.2 Simulation studies on trapezoidal PMMA light guides 

5.2.1 Simulation methodology 

5.2.1.1 Detector geometry 

Figure 5.1 depicts a simplified schematic diagram of the simulation geometry. A cuboid 

shaped CsI(Tl) single crystal scintillator with dimensions 2" × 2" × 2" (50.8 × 50.8 × 50.8 

mm3) was coupled to a trapezoidal PMMA light guide, which, in turn, was coupled to a 

photodetector with dimensions 10 × 10 × 0.3 or 18 × 18 × 0.3 mm3. These are the dimensions 

of the Hamamatsu S3590-08 [191] and S3204-08 [219] silicon photodiodes, respectively. The 

cross-sectional area of the surface of the light guide that was coupled to the scintillator was 

equal to that of the scintillator surface area, i.e., 50.8 × 50.8 mm2, whereas that of the surface 

coupled to the photodetector was always equal to surface area of the photodetector, i.e., 10 × 

10 or 18 × 18 mm2. The height of the light guide was varied (10, 20 or 30 mm) in order to see 
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its effect on the simulated spectra. The entire assembly shown in Figure 5.1 was coated with a 

1 mm thick Teflon reflector. The outer enclosure to this assembly was made up of aluminum 

that had a thickness of 0.5 mm at the bottom surface and 1 mm elsewhere. The reflector and 

the aluminum enclosure are not shown in Figure 5.1 for clarity. 

The whole assembly was placed in air. A parallel beam of gamma photons was 

modeled to be incident perpendicularly on the bottom surface of the scintillator and entirely 

covering this surface. The energies of the incident gamma photons were sampled according to 

the source at serial number 2 (137Cs) of Table 3.1. 

 

Figure 5.1: Schematic diagram of the simulation geometry consisting of a 50.8 × 50.8 × 50.8 

mm3 cuboid shaped CsI(Tl) scintillator crystal, coupled to a 10 × 10 × 0.3 or 18 × 18 × 0.3 

mm3 photodetector through a trapezoidal PMMA light guide. The Teflon reflector and the 

outer aluminum enclosure are not shown for clarity (Figure not to scale).  
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5.2.1.2 Material properties 

All properties of the materials CsI(Tl), Teflon, photodetector and aluminum were same as 

those presented in Section 3.2.2. The PMMA light guide region of Figure 5.1 was assigned 

the material Plexiglas, available in GEANT4. This material has an assigned density of 1.19 

g/cm3 [164], which also matches that of commercially available PMMA light guides [217]. 

5.2.1.3 Scintillation and optical properties 

Scintillation and optical properties of all materials except PMMA were identical to those 

mentioned in Section 3.2.3. At each of the 32 energy points, the refractive index of PMMA 

was calculated from [220] and implemented into the program. The values of the (bulk) 

absorption length, Rayleigh scattering length and Mie scattering length were taken to be same 

as those of CsI(Tl). 

5.2.1.4 Surface properties 

The scintillator-reflector interface was modeled exactly as that described in Section 3.2.4. 

The scintillator-light guide interface was modeled to be a dielectric-dielectric type of surface 

with surface finish P, surface roughness, 𝜎𝛼 = 0° (implicit), reflectivity,𝑅 = 0 , reflection 

type = L (implicit), and efficiency, 𝜂 = 0. It is to be noted that as 𝑅 = 0, there is no reflection 

from this surface and therefore, the reflection type becomes unimportant. The light guide-

reflector interface was modeled to be a dielectric-dielectric type of surface with surface finish 

PFP, surface roughness, 𝜎𝛼 = 0° (implicit), reflectivity, 𝑅 = 0.98 [199], reflection type = SL, 

and efficiency, 𝜂 = 0. The light guide-photodetector interface was modeled to be a dielectric-

metal type of surface with surface finish P, surface roughness, 𝜎𝛼 = 0°  (implicit), 

reflectivity,𝑅 = 0 reflection type = SL [180] (for the surface finish P, SL is equivalent to SS, 

but as 𝑅 = 0, the reflection type does not matter) and efficiency, 𝜂 = 0.8267. This value of η 

is equal to the QE of the Hamamatsu S3590-08 [191] and S3204-08 [219] silicon photodiodes 

at λ = 540 nm. 
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5.2.1.5 Scoring 

The procedure for scoring and generation of simulated spectra were same as those mentioned in 

Section 3.2.5, except for the facts that the optical photons generated in the scintillator were 

now transported up to the light guide-photodetector interface and the number of optical 

photons detected at this interface (nph) was treated as the pulse-height with arbitrary units. 

5.2.2 Impact of surface area of the photodetector and height of the light guide on 

simulated spectra 

The comparison of the simulated spectra with 137Cs for the different heights of the light guide 

and the 10 × 10 × 0.3 mm2 photodetector is presented in Figure 5.2. Figure 5.2 shows that the 

best spectrum, both in terms of energy resolution and PPH at 662 keV, is obtained for h = 20 

mm. Therefore, when a scintillator with a specific exit surface area needs to be coupled with 

a photodetector with a specific area through a light guide, the best results are obtained for an 

optimum height of the light guide. This optimum height maximizes the light collection and 

increases the pulse-height as well as improves the energy resolution. 

 

Figure 5.2: Comparison of the simulated spectra with 137Cs for different heights (10, 20 and 

30 mm) of the light guide and the 10 × 10 × 0.3 mm3 photodetector. 
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The fact that the best spectrum is obtained with h = 20 mm may be explained with 

the help of Figure 5.3.  

 

Figure 5.3: Representative light paths for different heights (10, 20 and 30 mm) of the light 

guide. 

As h increases, the transverse inner surfaces of the light guide become flatter. Therefore, the 

angle of incidence (θi) of a sample ray emitted from the scintillator increases with increasing 

h. So, the probability for θi becoming greater than the critical angle, θc, also increases. 

Consequently, chances of total internal reflection also increase. The angle of reflection, θr is 

equal to θi. Hence, the reflected ray can propagate directly to the photodetector. However, for 

even higher values of h, the reflected ray must additionally undergo multiple reflections 

before reaching the photodetector. Not necessarily all of these reflections are total internal 

reflection, because the transverse surfaces of the trapezoid are not parallel. Some rays are 

Fresnel reflected, wherein the associated losses, due to the fact that the reflectivity of the light 

guide-reflector surface is less than unity, reduces the number of optical photons finally 

reaching the photodetector. Hence, nph increases up to an intermediate value of h, beyond 

which it starts to decrease. As energy resolution is inversely proportional to the square root of 

nph, whereas PPH is equal to nph, the best spectrum is obtained for an intermediate value of h. 
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Figure 5.4 shows the comparison of the simulated spectra with 137Cs for the different 

heights of the light guide and the 18 × 18 × 0.3 mm3 photodetector. Clearly, the best spectrum 

is again obtained for h = 20 mm. This is due to the same reason as described above. By 

looking at the abscissa values of Figures 5.2 and 5.4, it is evident that for each value of h, the 

pulse-height is higher for the larger photodetector. This is because a larger photodetector area 

results in more optical photons reaching it. Also, larger the photodetector, flatter are the 

transverse surfaces of the light guide, and therefore, the optical photons can, in principle, 

reach the photodetector after a lesser number of reflections on these surfaces. On the other 

hand, it is seen from Figure 5.4 that the spectra with h = 10 mm and h = 20 mm are not very 

different. This is due to the different inclination angles of the transverse surfaces of the 

trapezoidal light guide for d = 18 mm and d = 10 mm, which result in different optimum 

values of h in the two cases. It is important to mention that the optimized values of h can be 

fine-tuned in both the cases by repeating the analysis for various intermediate values of h. 

 

Figure 5.4: Comparison of the simulated spectra with 137Cs for different heights (10, 20 and 

30 mm) of the light guide and the 18 × 18 × 0.3 mm3 photodetector. 

The presented simulation model did not take into account the bulk absorption of 

optical photons within the scintillator and the light guide. In fact, the bulk absorption length 
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was taken to be 5 m for both, which is much larger than the largest dimensions considered in 

the simulations. Also, all the surface parameters were kept unchanged. The results presented 

here are likely to vary if bulk absorption becomes significant and/or the reflection conditions 

change at the surfaces. 

5.3 Simulation studies on trapezoidal CsI(Tl) scintillators 

The light guide can be eliminated by cutting the scintillator crystal in the shape of a trapezoid 

and coupling it directly to the photodetector. In order to see the impact of this operation on 

the pulse-height spectra, simulation based studies were carried out. 

5.3.1 Simulation methodology 

A trapezoidal CsI(Tl) scintillator, as shown in Figure 5.5, was modeled in GEANT4. The area 

of the larger flat surface of the trapezoid was 2" × 2" (50.8 × 50.8 mm2), whereas that of the 

smaller flat surface was 10 × 10 or 18 × 18 mm2. The height of the trapezoid was varied (1", 

1.5" or 2", i.e., 25.4, 38.1 or 50.8 mm) in order to see its effect on the simulated spectra. The 

entire assembly shown in Figure 5.5 was coated with a 1 mm thick Teflon reflector. The outer 

enclosure to this assembly was made up of aluminum that had a thickness of 0.5 mm at the 

bottom surface and 1 mm elsewhere. The reflector and the aluminum enclosure are not shown 

in Figure 5.5 for clarity. The whole assembly was placed in air. A parallel beam of gamma 

photons was modeled to be incident perpendicularly on the larger surface of the trapezoid and 

entirely covering this surface. The energies of the incident gamma photons were sampled 

according to the source at serial number 2 (137Cs) of Table 3.1. 

All material properties, scintillation and optical properties and surface properties 

were same as those mentioned in Sections 3.2.2, 3.2.3 and 3.2.4, respectively. The procedure 

for scoring and generation of simulated spectra were same as those mentioned in Section 3.2.5, 

except for the fact that the number of optical photons detected at the scintillator-photodetector 

interface (nph) was treated as the pulse-height with arbitrary units. 
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Figure 5.5: Schematic diagram of the simulation geometry consisting of a trapezoidal CsI(Tl) 

scintillator crystal, coupled directly to a 10 × 10 × 0.3 or 18 × 18 × 0.3 mm3 photodetector. 

The Teflon reflector and the outer aluminum enclosure are not shown for clarity (Figure not 

to scale). 

5.3.2 Impact of surface area of the photodetector and height of the trapezoidal 

scintillator on simulated spectra 

The comparison of the simulated spectra with 137Cs for the different heights of the trapezoidal 

scintillator and the 10 × 10 × 0.3 mm3 photodetector is presented in Figure 5.6, wherein it is 

evident that the best spectrum is obtained for the shortest scintillator, i.e., for h = 25.4 mm. It 

is to be noted that as the height of the scintillator increases, so does its volume. Therefore, it 

may be inferred that for this geometry and, in particular, for these dimensions, the effect of 

the decrease in light collection efficiency with the increase of the height of the scintillator is 

not compensated by the effect of the increase in the number of optical photons generated in 

the longer (and therefore, larger) scintillators. 

Figure 5.7 shows the comparison of the simulated spectra with 137Cs for the different 

heights of the trapezoidal scintillator and the 18 × 18 × 0.3 mm3 photodetector, wherein it is 
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evident that the best spectrum is obtained for h = 25.4 mm, due to the same reason as 

described above. 

 

Figure 5.6: Comparison of the simulated spectra with 137Cs for different heights (25.4, 38.1 

or 50.8 mm) of the trapezoidal CsI(Tl) scintillator and the 10 × 10 × 0.3 mm3 photodetector. 

 
Figure 5.7: Comparison of the simulated spectra with 137Cs for different heights (25.4, 38.1 

or 50.8 mm) of the trapezoidal CsI(Tl) scintillator and the 18 × 18 × 0.3 mm3 photodetector. 

By looking at the abscissa values of Figures 5.6 and 5.7, it is also evident that for 

each value of h, the pulse-height is higher for the larger photodetector. This is because a 

larger photodetector area results in more optical photons reaching it. Also, for a fixed h, the 
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transverse surfaces of the trapezoidal scintillator become flatter for the larger photodetector, 

and therefore, the optical photons can, on the average, reach the photodetector after a lesser 

number of reflections at the transverse inner surfaces. Lastly, the volume of the scintillator 

also increases as d increases, and therefore, more light photons are generated. 

It is important to note from Figure 5.7 that although the PPH at 662 keV steadily 

decreases as h increases, the energy resolution at 662 keV for h = 50.8 mm is superior to that 

for h = 38.1 mm. This may be due to the fact that the light collection from different parts of 

the trapezoidal scintillator, especially from its bottom corners (see Figure 5.5), becomes more 

uniform for h = 50.8 mm than for h = 38.1 mm, because the transverse surfaces of the 

trapezoid are flatter for the former. 

The results presented in this section are likely to vary if bulk absorption becomes 

significant and/or the reflection conditions change at the surfaces. 

5.4 Simulation studies on the impact of presence vis-a-vis absence of light 

guide 

As mentioned in Section 5.1, for an unchanged cross-sectional area of the light guide 

throughout its length, it is theoretically possible to collect all the photons from a scintillator to 

a photodetector of equal cross-sectional area, provided there is no loss of optical photons in 

the bulk of the light guide and on its surfaces. In order to check to what extent this 

assumption is valid for the material properties and surface parameters of the modeled light 

guide, simulations were performed with the two geometries shown in Figure 5.8. 

5.4.1 Simulation methodology 

The area of the larger flat surface of the trapezoidal CsI(Tl) scintillator was 35 × 35 mm2, 

whereas that of the smaller flat surface was 18 × 18 mm2. The height of the trapezoid was 

fixed at 50 mm. In Figure 5.8 (a), the scintillator is directly coupled to the 18 × 18 × 0.3 

mm3 photodetector, whereas in Figure 5.8 (b), it is coupled through an 18 × 18 × 10 mm3 
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cuboid shaped PMMA light guide. In each case, the entire assembly was coated with a 1 mm 

thick Teflon reflector. The outer enclosure to this assembly was made up of aluminum that 

had a thickness of 0.5 mm at the bottom surface and 1 mm elsewhere. The reflectors and the 

aluminum enclosures are not shown in Figure 5.8 for clarity. Both assemblies were placed in 

air. A parallel beam of gamma photons was modeled to be incident perpendicularly on the 

larger surface of the trapezoid and entirely covering this surface. The energies of the incident 

gamma photons were sampled according to the source at serial number 2 (137Cs) of Table 3.1. 

 

Figure 5.8: Schematic diagram of the simulation geometry consisting of a trapezoidal CsI(Tl) 

scintillator crystal, coupled (a) directly to a 18 × 18 × 0.3 mm3 photodetector and (b) through 

a cuboid shaped PMMA light guide to the same photodetector. The Teflon reflectors and the 

outer aluminum enclosures in both the geometries are not shown for clarity (Figures not to 

scale). 

Material properties, scintillation and optical properties, surface properties and 

procedure for scoring and generation of simulated spectra were same as those mentioned in 

Section 5.2.1. 

5.4.2 Impact of presence vis-a-vis absence of light guide 

Figure 5.9 depicts the two simulated spectra with 137Cs with and without the light guide. 

130 



 

Figure 5.9: Comparison of the simulated spectra with 137Cs with and without a 10 mm long 

cuboid shaped PMMA light guide in between a trapezoidal CsI(Tl) scintillator and a 18 × 18 

× 0.3 mm3 photodetector. 

Clearly, the PPH at 662 keV is higher and also the energy resolution at 662 keV is 

superior for the case when the scintillator is directly coupled to the photodetector. In fact, the 

number of optical photons detected at the surface of the photodetector is seen to decrease by a 

factor of almost four when the 10 mm long light guide is introduced. This is due to two 

reasons. Firstly, the difference in refractive indices of CsI(Tl) (1.79) and PMMA (~ 1.49) 

results in loss some of the optical photons. Secondly, the introduction of the light guide 

increases the distance between the scintillator and the photodetector. Therefore, the optical 

photons must travel greater distances, and consequently, undergo more number of reflections 

before reaching the photodetector. 

In general, the impact of introduction of the light guide would change depending on 

the refractive indices of the scintillator and the light guide, the overall geometry, the surface 

properties, etc. 
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5.5 Conclusion 

PMMA light guide was included in the GEANT4 based simulation model. Optical transport 

through PMMA light guide was incorporated. Simulations were performed for various 

assemblies including scintillators and light guides of different shapes and sizes. The results 

indicate that the exact geometry affects the resulting pulse-height spectra in the most 

dominant way. For each particular shape and size of the scintillator and the photodetector, an 

optimized design of light guide can be identified from simulation. The developed simulation 

model can be helpful in a priori optimization of the design of future application specific light 

guides. Also, other light guide materials (e.g., fused silica or quartz) can be accommodated in 

the same model if the appropriate parameters are substituted. 
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CHAPTER 6 

DEVELOPMENT OF GAMMA SPECTROMETRY SYSTEMS 

6.1 CsI(Tl) based environmental gamma spectrometry system (EGSS) 

6.1.1 Introduction 

Real-time spectroscopic identification of gamma emitting radionuclides present in open 

environment can be achieved by field-installed gamma spectrometry systems. A continuously 

operating automated system of this type with online data communication can provide 

valuable information about the radionuclides during routine releases from nuclear 

installations or during any radiological or nuclear emergency. Such information can be 

helpful in timely implementation of radionuclide-specific countermeasures from an 

emergency preparedness point of view [221]–[227]. This is important for reducing the overall 

radiation dose delivered to radiation workers, members of public, and the environment [16]. 

The pros and cons of the three major types of detectors used for gamma 

spectrometry, namely, inorganic scintillators, HPGe and CZT, have been discussed in Section 

1.3.3 [1], [148], [149]. HPGe offers the best energy resolution and is available in large 

volumes, but it has to operate at LN2 temperature. The associated LN2 containing dewar 

requiring regular manual refilling cannot be afforded in systems meant for automated open 

field gamma spectrometry [1], [16]. CZT overcomes this problem and is the second best 

among the three detectors in terms of energy resolution offered, but it is available in small 

sizes and therefore, has low overall gamma absorption efficiency [150], [151]. Inorganic 

scintillators, although having the poorest energy resolution among the three detector types, 

offers a good combination of properties, e.g., high overall as well as photopeak efficiency, 

decent energy resolution, and suitability of operation at ambient temperatures [1]. Therefore, 

for the present application, inorganic scintillators were chosen as the detectors. Specifically, 
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the in-house grown CsI(Tl) single crystal scintillators, as described in Section 2.1.4.3, were 

used. 

There are several challenges towards the development of a standalone, field-

deployable EGSS. Firstly, the system needs to be battery operated in order to eliminate the 

requirement of AC mains supply, which cannot be guaranteed for open field installation 

locations. Secondly, referring to Figure 1.12, it can be seen that for laboratory based gamma 

spectrometry, the amplified and shaped pulses from the amplifier are sent to a MCA that 

require a dedicated personal computer (PC) for its operation. For standalone, battery operated 

systems, as in the present case, however, the PC needs to be eliminated because it increases 

the power consumption and also requires frequent manual maintenance. The increase in 

power requirement, on the other hand, also increases the overall size of the system by virtue 

of requiring batteries with higher capacities, which are heavier, bulkier, and need larger solar 

panels to charge them, in case the standalone system is targeted to be run on solar energy 

[16]. 

The CsI(Tl) scintillator was optically coupled to a PMT. The anode pulses of the 

PMT were fed to a preamplifier, whose output was sent to an in-house developed field 

programmable gate array (FPGA) based MCA board having a serial output. A 

microcontroller received the spectral data from the MCA over serial link. A global system for 

mobile communications (GSM) modem was used to transmit the data from the 

microcontroller to a central data receiving station in the form of short message service (SMS) 

packets. The use of the FPGA based MCA, therefore, eliminated the requirement of the PC. 

This, in turn, reduced the overall power requirement as well as size of the system and 

eliminated the dependence on the AC mains supply, thereby making it feasible to develop a 

standalone, solar-powered and battery operated EGSS [16]. 
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A GM counter based gross gamma dose rate measurement circuit was also 

implemented into the system. The otherwise hibernating spectrometer is turned-on only when 

this circuit detects an ambient gamma dose rate level beyond a pre-set threshold value. This 

resulted in further reduction in the overall power consumption of the system [16]. 

Energy calibration of a gamma spectrometer is performed in order to convert the 

acquired spectra from channel numbers scale to energy scale (see Sections 3.5 and 4.2.4). 

However, this conversion is typically done at a particular temperature, whereas, for 

continuous on-field measurements, the overall gain of the spectrometer keeps on changing 

with variation in ambient temperature. This results in shifting of the recorded pulse-height 

spectra along their abscissa (channel number scale) with respect to the reference spectrum 

recorded at the calibration temperature [15], [228]. This leads to misidentification of peaks in 

the recorded spectra. To restore the shifted spectra, a mathematical methodology [15] was 

implemented at the central receiving station [16]. 

Section 6.1.2 describes the details about the design of various sub-components of the 

developed standalone, solar-powered, battery operated, field-deployable EGSS with online, 

real-time GSM based wireless data communication. The results of field-testing of the 

developed system are presented in Section 6.1.3. 

6.1.2 Design of the system 

6.1.2.1 The CsI(Tl)-PMT assembly 

The scintillator-PMT assembly was similar to that described in Section 3.4. A 2" ϕ × 2" L 

cylindrical sample was cut from an in-house grown CsI(Tl) single crystal ingot (see Section 

2.1.4.3) [159]–[161]. One flat surface of the sample was hand-polished to clear optical finish. 

All other surfaces were ground. The polished surface was optically coupled to a 2" ϕ PMT 

(Hamamatsu R1306) [200]. The crystal was wrapped with Teflon reflector as described in 

Section 3.4. A HV generator module with a provision to control the HV through a 
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potentiometer, a voltage divider circuit, and a charge sensitive preamplifier were integrated in 

a small PCB. The power supply to the PMT was provided from this PCB and the output 

pulses of the PMT were fed to the preamplifier [16]. 

6.1.2.2 The FPGA based MCA board 

The output tail pulses from the preamplifier were fed to an in-house developed FPGA based 

MCA PCB. Spectra were built by DPP. Trapezoidal pulse shaping was implemented. 

Communication between the MCA and the microcontroller was over USB and universal 

asynchronous receiver-transmitter (UART) at recommended serial communication standard 

232 (RS-232) and complimentary metal-oxide-semiconductor (CMOS) logic levels. After the 

end of each user programmable acquisition interval, the spectrum built in the MCA was 

transferred to the microcontroller [16]. 

6.1.2.3 GM counter based environmental radiation monitor (ERM) 

A GM counter based gamma dose rate measurement circuit (Figure 6.1) was integrated into 

the system [16]. This circuit works continuously as the ERM [229]. The microcontroller 

automatically turns-on the spectrometer via an in-house developed spectrometer triggering 

circuit when the dose rate sensed by the ERM crosses a pre-defined threshold value. 

 

Figure 6.1: Block diagram of the GM counter based ERM [16].  

The ERM consists of three energy compensated GM tubes, two (redundant) with 

high sensitivity (160 cps/(mR/h) relative to 60Co) for measurement of natural background 

dose rate levels, and one with low sensitivity (0.26 cps/(mR/h) relative to 60Co) for 
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measurement of elevated dose rate levels. The GM tubes have Ne as the fill gas and halogen 

as the quench gas. The recommended supply voltage of all the GM tubes is 500 V. 

One high sensitivity GM tube is powered by one HV module. Another HV module 

powers the remaining two GM tubes. This ensures availability of at least one high sensitivity 

GM tube even in the case when one of the HV modules fails. 

The three GM tubes, their individual pulse shaping circuits, the two HV modules, a 

PIC24 microcontroller and a GSM modem were all integrated in a PCB with dimensions 8.5 

× 45 cm2. The pulse shaping circuits convert the output pulses of the GM tubes into 

transistor-transistor-logic (TTL) pulses. The TTL pulses are counted by the microcontroller. 

Based on conversion equations obtained from calibration of the GM tubes, the accumulated 

counts after each interval of 5 min are converted to dose rates by the microcontroller. 

The dose rate response of the ERM was measured using a setup that consisted of 

standard collimated 60Co sources with known activities as well as an automated distancing 

system and a laser based alignment system for accurate detector positioning. Figure 6.2 

shows the measured dose rate response [16]. 

 

Figure 6.2: Dose rate response of the GM counter based ERM for 60Co source [16]. 
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It is clear from Figure 6.2 that the two high sensitivity GM tubes have almost 

identical response. Their response is seen to be linear in the range 130 nGy/h-870 μGy/h. The 

response saturates above this level. On the other hand, the response of the low sensitivity GM 

tube is seen to be linear in the range 150 μGy/h-17.39 Gy/h. The measurement range of the 

ERM is therefore 130 nGy/h-17.39 Gy/h. It needs to be mentioned here that the minimum 

dose rate (130 nGy/h) was achieved by placing the ERM as far away from the source (having 

the lowest activity) as was allowed in the calibration setup. Furthermore, the measurements 

were carried out in a room having a background radiation level of approximately 60-70 

nGy/h. Therefore, the lower detection limit can be reduced further by carrying out 

measurements in a lower background area and by using a calibration setup that can produce 

lower standard dose rates. However, as this was beyond scope, the measurement range was 

assumed to extend down to 50 nGy/h. 

The low sensitivity GM tube remains inactive under normal background conditions 

because its operating range starts from well beyond these dose rate levels. The dose rates 

recorded by the two high sensitivity GM tubes are averaged. The threshold for triggering was 

set on this average dose rate value. If the threshold is crossed, the power supply to the 

spectrometer is switched-on by the microcontroller. The average dose rate (from all three GM 

tubes if the low sensitivity GM tube shows non-zero values and from the two high sensitivity 

GM tubes, otherwise) is transmitted to the central receiving station along with the acquired 

spectra. If the average dose rate falls below the threshold, the microcontroller switches-off 

the power supply to the spectrometer. However, the hourly average of dose rate is calculated 

from the values recorded in each of the twelve 5 min intervals. 12 such hourly average dose 

rate values are communicated through a single SMS to the central receiving station after the 

end of 12 h. This communication happens twice a day [16]. 
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6.1.2.4 Spectrometer triggering circuit and dual supply for spectrometer 

As soon as the dose rate detected by the ERM crosses the threshold, the microcontroller 

generates an 'MCA ON' signal, which is passed to a transistor based triggering circuit having 

a fast switching power MOSFET [230]. The triggering circuit immediately switches on the 

dual power supply of the spectrometer. The dual power supply consists of a DC-DC 

converter module [231] that can source 200 mA current at ±5 V [16]. 

6.1.2.5 GSM based data communication 

The dose rate values measured by the ERM are transmitted via text mode SMSs to the central 

receiving station. When the spectrometer is switched on, a handshaking between the 

microcontroller and the MCA is established. The contents of the 512 channels of the MCA 

are received by the microcontroller at the end of each 5 min acquisition interval. The received 

data is encoded by the microcontroller. The encoded spectral data is sent as protocol 

description unit (PDU) mode SMSs by the GSM modem to the central receiving station. The 

PDU mode is used for sending compressed hex-coded binary information. Each channel of 

the MCA has 2 bytes of information. Therefore, a spectrum of 512 channels contains 512 × 2 

= 1024 bytes of information. On the other hand, 140 bytes can be transmitted by one PDU 

mode SMS. Therefore, a total of at least eight SMSs are required for transmitting each 

spectrum. The first seven of these SMSs each carries the contents of 67 channels, i.e., 67 × 2 

= 134 bytes of information. The contents of total 67 × 7 = 469 channels are transmitted in this 

way. The eighth (and the last) SMS carries the contents of the remaining 512 - 469 = 43 

channels as well as the dose rate values recorded by the ERM. Additionally, each of the eight 

SMSs contains a sequencing tag and an acquisition timestamp [16]. 

6.1.2.6 Power supply 

The system runs on solar energy. It contains an 18 V/75 W polycrystalline silicon 

photovoltaic based solar panel. The panel charges a 12 V/42 Ah rechargeable, sealed 
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maintenance free (SMF), lead-acid battery. A relay based charge controller prevents 

overcharging and deep discharge of the battery. The total current consumed by the system 

when the spectrometer is powered on is nearly 600 mA. The rating of the solar panel is 

chosen such that it can fully charge the battery in nearly 6 h. The battery capacity is chosen 

such that once it is fully charged, it can drive the system continuously for nearly 3 days, 

considering that the spectrometer is on throughout. Therefore, after nearly 6 h of solar 

charging, the system can run for nearly another 3 days even in absence of sunlight. This 

running time extends to nearly 15 days when the spectrometer is hibernating and only the 

ERM works [16]. 

6.1.2.7 Functional block diagram of the system 

Figure 6.3 shows the functional block diagram of the system [16]. 

 

Figure 6.3: Functional block diagram of EGSS [16]. 

A CsI(Tl) scintillator is optically coupled to a PMT. The output pulses of the PMT are fed to 

a preamplifier, whose output is fed to an FPGA based MCA. The spectral data from the MCA 

is transferred via serial communication to a microcontroller. A GSM modem picks up the 

data from the microcontroller and sends it to a central receiving station in the form of SMS 

packets. When a GM counter based ERM detects a dose rate level above a pre-set threshold 

(usually set at three times the background radiation level at the installation location), the 

microcontroller switches on the dual power supply to the spectrometer via a spectrometer 
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triggering circuit. The entire system runs on a rechargeable SMF battery. The battery is 

charged by a solar panel. The presence of the charge controller between the solar panel and 

the battery prevents overcharging and deep discharge of the battery [16]. 

6.1.2.8 Mechanical housing of the system 

An aluminum based hermetically sealed enclosure was fabricated for the system. The 

enclosure also contained the mounting arrangements for the solar panel. This made the 

system fit for permanent installation at open environment. Aluminum was chosen because it 

causes minimal attenuation of gamma radiation owing to its low atomic number (Z = 13) and 

also offers required structural ruggedness. Figure 6.4 shows a photograph of the complete 

system [16]. 

 

Figure 6.4: Photograph of EGSS (height: 92 cm, base area: 35 × 35 cm2, weight: 28 kg) [16]. 

The solar panel is fixed on a rotatable clamp which is mounted on an arm attached to the 

bottom chamber of the system. The bottom chamber houses the battery and the charge 

controller. It is made from 3 mm thick aluminum. The top chamber, on the other hand, is 

made from 2 mm thick aluminum for further reduction in attenuation of the incident gamma 

rays. This chamber houses the scintillator-PMT assembly, the PCB containing the 
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preamplifier, the HV generator module and the voltage divider circuit for the PMT, the PCB 

of the GM counter based ERM that also contains the microcontroller and the GSM modem, 

and the PCBs of the FPGA based MCA, the spectrometer triggering circuit and the dual 

supply for the spectrometer [16]. 

6.1.2.9 Spectrum reconstruction at central receiving station 

The eight PDU mode SMSs corresponding to each spectrum are received by a GSM modem 

at the central receiving station. A Python based application reads the SMSs from this GSM 

modem and stores them in a MySQL based database. It also arranges the SMSs according to 

the sequencing tag and reconstructs the spectrum. The reconstructed spectrum is displayed 

over a Qtdesigner based user interface on a PC at the central receiving station. The screenshot 

presented in Figure 6.5 shows a reconstructed spectrum [16]. This spectrum was recorded by 

the system when it was intentionally triggered-on by introducing a 137Cs test source. 

 

Figure 6.5: A screenshot of a spectrum displayed at the central receiving station. The 

spectrum was recorded by the system upon triggering-on by introduction of a 137Cs test 

source [16]. 

6.1.2.10 Restoration of shifted spectra 

As mentioned in Section 6.1.1, the overall gain of any scintillator based gamma spectrometer 

varies with temperature. For laboratory measurements, most often carried out under 
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controlled temperature environments, the effect of gain drift is usually negligible [15], [228]. 

However, for continuous measurements in open environment by field-installed systems, as in 

the present case, the gain drift can lead to misidentification of radionuclides when the channel 

number to energy conversion is done at a reference temperature and the gain of the 

spectrometer has significantly changed at the measurement temperature [15], [228], [232], 

[233]. 

The gain drift is caused by the temperature dependence of scintillation yield [18]–

[20] and decay time constants [18], [20], [116], [234] of the scintillator, the fluctuations of 

the overall gain of the PMT with varying temperature [116], [235], [236], as well as the 

temperature dependence of the electronic components [237]. The most dominant among these 

is the gain drift of the PMT [232]. Furthermore, the gain does not stabilize during spectrum 

acquisition times of typically a few minutes [236]. Therefore, the peak-position versus 

temperature curve shows some kind of hysteresis when the temperature is continuously 

varied, as in open field [228]. A feedback signal generated based on the temperature value 

measured by an installed temperature sensor, therefore, does not help in online gain 

stabilization. There are various methodologies reported in literature to counter for this 

problem [15], [232], [233], [238]–[241]. 

A computer program was developed to calculate the shift in the energy scale 

between a reference and a shifted spectrum, by using the mathematical methodology 

described in [15]. The same program back-transformed the energy scale of the shifted 

spectrum to that of the reference spectrum. When the spectrometer gets triggered-on, the first 

recorded spectrum is taken as the reference, and all successive spectra are restored with 

respect to this reference spectrum. This program was implemented into a PC at the central 

receiving station and could restore the shifted spectra correctly, thereby helping in correct 

identification of the radionuclides. It is important to mention that the mathematical 
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methodology is such that it does not require the knowledge about the temperature values at 

which the spectra are recorded. Also, the methodology, although initially tested for NaI(Tl) 

[15], is applicable irrespective of the chosen scintillator, and therefore, could be applied for 

the present case involving CsI(Tl) as the scintillator [16]. 

6.1.2.11 Comparison with commercially available systems 

The developed system is a cost-effective substitute to other commercially available 

instruments of similar type [242], [243]. In the developed system, the necessities of on-site 

PC and AC mains supply have been eliminated. The acquired spectra are not analyzed on-

site. Instead, they are transmitted online to the central receiving station and the spectra are 

reconstructed at the central receiving station. The power consumption is thereby reduced. The 

conditional triggering of the spectrometer by the ERM ensures that the power consumption is 

further minimized. Real-time, on-line, wireless data transmission from remotely installed 

systems has been realized. Therefore, there is no need of any cabling for data transmission 

[16]. 

6.1.3 Results of field experiments 

6.1.3.1 Performance testing under open environment conditions 

The developed system was installed in open environment in Mumbai, India (~ 19.0760 ºN, 

72.8777 ºE) and tested for almost a year. It performed uninterruptedly and unattended 

throughout. The mechanical housing could withstand normal ambient temperature cycles (~ 

18-40 ºC) as well as heavy rainfall (annual average ~ 1800 mm), and ensured proper 

functioning of the system. In the temperature regime of ~ 18-40 ºC, the 512 channels’ spectra 

shifted by less than 20 channels. The spectrum restoration program yielded satisfactory 

results in this temperature regime, thereby helping in proper identification of radionuclides. 

Under normal background conditions, the system worked as a simple ERM and 

regularly sent the measured dose rate values, as per the scheme presented in Section 6.1.2.3. 
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The normal background radiation level at the installation site was nearly 60-70 nGy/h. It is 

known that this value varies from one installation site to another depending on the latitude, 

elevation, as well as the geophysical conditions [1]. The spectrometer could be intentionally 

triggered-on by introducing a gamma emitting radioactive source, as described in Section 

6.1.3.2. Also, it automatically triggered-on when the ambient dose rate rose above the pre-set 

threshold of nearly three times the normal background, i.e., 200 nGy/h, as described in 

Section 6.1.3.3. 

It is important to mention that the spectrometer is not being used here for 

quantification of dose rates. It is used only to identify the radionuclides that result in the 

elevation of dose rate levels. Hence, no efficiency calibration of the spectrometer was 

performed. The calibrated ERM (see Section 6.1.2.3) measures the dose rate levels. The 

CsI(Tl) scintillator has higher Zeff and higher density than the gas-filled GM tubes. Therefore, 

the efficiency of the former is also much higher than that of the latter. The 2” ϕ × 2” L 

CsI(Tl) scintillator, on the average, yielded a count rate of nearly 100 cps in the background 

of approximately 60-70 nGy/h. On the other hand, the high sensitivity GM tubes yielded 

about 1 cps in the same background. As the minimum detectable amount (MDA) of activity is 

nearly proportional to the square root of counts acquired for a particular counting time under 

background radiation conditions [1], the same of the scintillator should be approximately10 

times smaller than that of the high sensitivity GM tubes. However, in order to minimize 

power consumption, the spectrometer is not used for measurement of low dose rates. It is 

triggered-on for radionuclide identification only when the ERM detects a dose rate above 

nearly three times the background radiation level [16]. 

6.1.3.2 Intentional triggering-on of the spectrometer and energy calibration 

When a small test source of 137Cs was stuck with an adhesive tape on the outer surface of the 

top chamber of the system, the spectrometer triggered-on because the ERM detected a dose 
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rate level above 200 nGy/h. The recorded dose rate levels as well as the acquired spectra at 

the end of each 5 min interval were transmitted to the central receiving station. One such 

spectrum received at the central receiving station is shown in Figure 6.6, along with the 

energy resolution value (7.8%) at 662 keV. 

 

Figure 6.6: A typical pulse-height spectrum recorded by EGSS when a 137Cs test source was 

introduced [16]. 

Figure 6.5 shows the screenshot of the same spectrum [16]. The spectrum of Figure 6.6 

shows significant counts in the Compton and backscatter regions. This is due to scattered low 

energy gamma photons that are incident on the detector. The scattering from ground, 

mechanical enclosure of the system, detector's mounting support, etc., all contribute to this. 

The cosmic and terrestrial radiation also adds to this low energy background. This high 

background at low energies is a common feature for gamma spectra recorded at open 

environment by field-installed systems [1], [131], [221], [222], [226], [227], [244], [245]. 

Subsequently, the spectrometer was triggered-on by introducing a 137Cs and a 60Co 

test source together. One of the spectra recorded for 5 min and transmitted to the central 

receiving station is shown in Figure 6.7 (a), along with the derived energy calibration by 
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following the procedure described in Section 3.5. The same spectrum, converted to energy 

scale, is shown in Figure 6.7 (b). 

 

Figure 6.7: (a) Pulse-height spectrum recorded by EGSS when a 137Cs and a 60Co test source 

were introduced together, along with the derived energy calibration, (b) the same spectrum 

converted to energy scale. 

6.1.3.3 Detection of atmospheric release of 41Ar 

Near the installation site of the system, there is an operational research reactor named 

Dhruva. The shutoff rods of this reactor are cooled by circulating ambient air. The 40Ar 

present in this air gets partially converted to 41Ar due to neutron activation. The stack of the 
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reactor routinely releases this 41Ar containing air in the atmosphere well within regulatory 

limits. Dispersion of this 41Ar containing plume has been previously studied [246] by 

employing GM counter based gross gamma dose rate monitors. The developed system 

(EGSS) could automatically trigger-on itself upon arrival of the 41Ar containing plume. 

Spectra were automatically recorded upon triggering and sent after each acquisition interval 

of 5 min to the central receiving station. Figure 6.8 [16] shows one such sample spectrum, 

wherein the abscissa is converted to energy scale by using the energy calibration of Figure 

6.7 (a). 

 

Figure 6.8: Pulse-height spectrum recorded during passing of 41Ar containing plume over 

EGSS [16]. 

The peak due to 41Ar (1293 keV) in Figure 6.8 is clearly resolved from that due 

to 40K (1460 keV). The latter peak arises due to terrestrial radioactivity. The spectrum of 

Figure 6.8 is shown in logarithmic scale because the low energy background has increased 

even more than those present in Figures 6.6 and 6.7. This is because the spectra of Figures 

6.6 and 6.7 are recorded by introduction of small test sources, whereas the spectrum of Figure 

6.8 is recorded when a dispersed radioactive plume passes over the spectrometer. This 
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dispersed source resulted in a larger scattered component of gamma radiation being incident 

on the spectrometer. 

It is to be mentioned that the acquisition time of 5 min was chosen for prompt 

identification of the radionuclides in case of their release to the environment. Upon initial 

identification, the acquisition time can be suitably increased for acquiring spectra with better 

statistics. This can be done by sending a command SMS from the central receiving station to 

the system. Four consecutive spectra, each recorded for 1 h during the passing of the 41Ar 

containing plume, are presented in Figure 6.9 [16]. The gradual rise of the peak due to 41Ar 

on the left of the nearly constant peak due to 40K can be easily observed from Figure 6.9. 

Therefore, EGSS is proven to have the capability of identifying and tracking radioactive 

plumes. Such identification and tracking of radioactive plumes by a field-installed 

continuously operating gamma spectrometer during an accidental release of radionuclides 

into the environment can be really helpful in radiological emergency. 

6.1.4 Conclusion 

A standalone, solar-powered, battery operated EGSS having online wireless GSM based data 

communication was designed and developed. The in-house grown CsI(Tl) single crystal 

scintillator was used as the detector. Requirements of AC mains supply and on-site PC were 

eliminated by using an FPGA based MCA. The system was designed in such a way that the 

spectrometer gets automatically triggered-on only when a GM counter based ERM detects an 

ambient dose rate level beyond a pre-set threshold. Otherwise, it operates as a simple ERM. 

This resulted in further reduction of overall power requirement of the system. Results of 

field-testing showed encouraging performance of the system. It proved to be especially useful 

for tracking and identifying of radionuclides present in plumes dispersing in the atmosphere 

[16]. 
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Figure 6.9: Four consecutive 1 h spectra recorded by EGSS during passing of 41Ar containing plume [16]. 
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6.2 Compact gamma spectrometer with a GGAG:Ce,B scintillator coupled 

to a photodiode 

6.2.1 Introduction 

The GGAG:Ce,B scintillator, owing to its scintillation emission spectrum (peaking at nearly 

530 nm, as shown in Figure 2.9) that matches well with the spectral response of silicon based 

photodetectors, can be efficiently read-out by silicon photodiodes. This makes it possible to 

design photodiode based compact gamma spectrometers with this scintillator [93], [94], 

[157]. These spectrometers have many advantages over the conventional PMT based ones, 

e.g., compactness and mechanical robustness, insensitivity to magnetic fields, operation at 

comparatively much lower voltages, lower cost, etc. These compact spectrometers are well 

suited for many applications like baggage scanning, explosive detection, physics 

experiments, quick radionuclide identification, medical imaging, geological exploration, etc. 

[93], [157]. 

Another scintillator that is well suited for design of compact photodiode based 

spectrometers is CsI(Tl), because of its similar emission spectrum to that of GGAG:Ce,B, as 

shown in Figure 2.8 [94], [166]. However, GGAG:Ce,B has comparatively higher density 

and higher Zeff, faster decay times and non-hygroscopic nature, thereby resulting in higher 

total and photoelectric absorption efficiency, suitability for higher counting rate applications, 

and ease of operation [93]. 

In addition to the replacement of the bulky PMT by a small photodiode, the 

development of a compact gamma spectrometer also involves miniaturization of the 

electronic components like the preamplifier, the amplifier, the MCA as well as the stable low 

voltage bias supply for the photodiode and the dual supply voltages of all the electronic 

components. In laboratory based gamma spectrometry, usually the nuclear instrument module 

(NIM) standard based electronic components are used. Their designs are standardized and 
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they usually provide optimized performance. Furthermore, their parameters are usually 

tunable, therefore enabling easy adaptation into different detector systems. However, they are 

bulky, and therefore, cannot be afforded in the design of a compact gamma spectrometer. 

Instead, smaller electronic components have to be employed and their performances have to 

be optimized before finalizing the overall design. Also, the bulky, NIM based power supplies 

that usually provide stable performance, cannot be afforded. Instead, a battery operated or 

USB powered system needs to be designed. 

It is, however, understood that there may be some compromise in performance when 

the standard electronic components and power supplies are replaced by miniaturized 

components. Also, the deterioration of SNR when the PMT is replaced by a photodiode may 

result in some deterioration of performance. However, the aim is to design a compact gamma 

spectrometer with optimized performance, and therefore, this performance degradation, 

although cannot be fully eliminated, must be reduced to the extent possible. 

Section 6.2.2 presents the details about the design and development of a compact, 

low power, USB based gamma spectrometer based on a small GGAG:Ce,B single crystal 

scintillator coupled to a small photodiode. The results of parametric investigation and 

spectroscopic performance evaluation of the system are also described. 

6.2.2 Design and optimization of the spectrometer 

6.2.2.1 Crystal growth and sample preparation 

A single crystal ingot of GGAG:Ce,B was grown by the CZ technique, as described in 

Section 2.1.3.4 [157]. A 10 × 10 × 10 mm3 sample was saw-cut from the ingot. Subsequently, 

the sample was annealed in air at 1000 °C for 10 h. Oxygen vacancies are present in the as-

grown crystals because they are grown in an Ar-environment (see Section 2.1.3.4). The post-

growth annealing treatment is known to reduce the oxygen vacancies in the crystal. This, in 

turn, increases the scintillation yield, reduces the decay times and improves the energy 
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resolution of the crystal [98], [157]. After annealing, one surface of the sample was polished 

to clear optical finish. No further surface treatment was applied to the other surfaces [93]. 

6.2.2.2 PMT based setup for initial characterization 

The polished surface of the sample was optically coupled to the center of a 2" ϕ Hamamatsu 

R1306 PMT [200] using an optical grease (Dow Corning). The output of the PMT was fed to 

a preamplifier (Make: CAEN). The preamplifier's output was sent to a NIM-based 

spectroscopy amplifier. The amplified and shaped pulses were handled by an 8k MCA 

(Make: Tukan), which generated the pulse-height spectra. 

6.2.2.3 Study on the impact of time after exposure to visible light on the recorded 

spectra 

It has been reported earlier [98] that the light output of GGAG:Ce,B scintillators decreases if 

they are kept in the dark for a long time. This is due to the emptying of room temperature trap 

centers. In order to check how this affects the acquired spectra, after exposing the crystal 

(coupled with the PMT, as mentioned in Section 6.2.2.2) to white fluorescent light, it was 

immediately covered with a hemispherical Spectralon reflector, enclosed in a black chamber, 

and four consecutive 5 min spectra were acquired with a 137Cs test source. Figure 6.10 shows 

the comparison of the four recorded spectra. It can be seen from Figure 6.10 that the 662 keV 

peak is farthest to the right in the first spectrum, indicating that the light output is highest 

during this time. Subsequently, the spectra shift to the left, and after nearly 10-15 min, the 

spectra become stable. Therefore, it can be inferred that the light output stabilizes after about 

10-15 min, and therefore, all spectroscopic measurements need to be started after this waiting 

time. All measurements reported hereafter were, therefore, made following this principle. 

6.2.2.4 Study on reflectors 

Three different reflector materials were studied: (i) a hemispherical Spectralon, which is a 

diffuse reflector with high reflectivity, considered to be a white reflection standard [204], (ii) 
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standard Teflon tape wrapping of sufficient thickness of at least ten layers, and (iii) various 

number of coatings with a reflective paint (EJ-510, Eljen Technology[247]). The spectra 

recorded for 1200 s with these reflectors and a 137Cs test source is shown in Figure 6.11. 

 

Figure 6.10: Comparison of four consecutive 5 min spectra of 137Cs recorded with a 10 × 10 

× 10 mm3 GGAG:Ce,B scintillator (with Spectralon reflector) coupled to a PMT, after 

exposure to visible light. 

 

Figure 6.11: Comparison of pulse-height spectra of 137Cs for different reflectors on a 10 × 10 

× 10 mm3 GGAG:Ce,B scintillator coupled to a PMT [93]. 
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It can be seen from Figure 6.11 that the 662 keV peak is farthest to the right for 

Spectralon. Therefore, this reflector results in the most efficient light collection from the 

scintillator to the photocathode of the PMT. The position of the peak for Teflon tape 

wrapping is seen to be is slightly to the left of that for Spectralon. This indicates that the light 

collection with Teflon tape wrapping is only slightly less than that with the Spectralon 

standard. On the other hand, the pulse-height values for the reflective paint, with both 2- and 

3- coats, are significantly less. This indicates that the light collection with this paint is poorer 

than those with Teflon tape wrapping and Spectralon. Also, the fact that the peak position is 

nearly unchanged for both 2- and 3- coats of the paint indicates that the light collection with 

only two coats is almost saturated, and therefore, there is no visible improvement with the 

third coat. Based on the result of this study, Teflon tape was chosen as the reflector over the 

reflective paint for development of the compact gamma spectrometer [93]. 

It needs to be pointed out here that the reflectivity, reflection type and refractive 

index of the reflector, the uniformity of its coating thickness, as well as the presence or 

absence of air gaps between the scintillator and the reflector, can, in principle, contribute to 

the resulting light collection efficiency, and consequently, the pulse-height (see Sections 

2.3.2.2.3.2 and 3.7). 

6.2.2.5 Optical coupling with photodiode 

After completing the studies mentioned in Sections 6.2.2.3 and 6.2.2.4, the scintillator was 

removed from the PMT. Its polished surface was then optically coupled to a Hamamatsu 

S3590-08 photodiode [191] (active area 10 × 10 mm2, thickness 0.3 mm, see Section 3.7.1) 

by using an optical grease (Dow Corning). The chosen reflector, i.e., Teflon tape, was 

wrapped tightly around the scintillator-photodiode assembly. At least ten layers of Teflon 

tape were used and care was taken to avoid the formation of air pockets in between the 

crystal and the reflector, as mentioned previously in Section 3.4 [93]. 
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6.2.2.6 Setup of the compact photodiode based system for optimization studies 

In order to miniaturize the electronics, compact electronic components were selected. The 

output of the photodiode was AC-coupled through a 10 nF coupling capacitor to a compact 

(0.85" × 0.88") charge sensitive preamplifier (Model: CR-110, Make: Cremat [248]). The 

preamplifier output was amplified by two cascaded stages of an AC-coupled (cutoff 

frequency: 20 Hz) non-inverting broadband (500 MHz-3 dB) amplifier. The broadband 

amplifier ensured effective amplification of the high frequency content of the signal, and its 

two stages together provided a gain of nearly 44. The output of the second stage of the 

broadband amplifier was amplified and shaped by a compact (0.85" × 0.88") Gaussian 

shaping amplifier (Model: CR-200, Make: Cremat [249]). Gaussian shaping is known to 

minimize noise power in the signal (considering the typical bath-tub type noise spectrum 

associated with photodiode instrumentation). The shaping amplifier CR-200 is available with 

various shaping times. Experiments were conducted to study the effect of the shaping time on 

the recorded spectra, and the optimized shaping time was identified. A 200 kΩ potentiometer 

was used for pole zero correction. The output from the shaping amplifier was sent to a buffer 

amplifier. A small (9 × 6 cm2) PCB (as shown in Figure 6.12) of the pulse processing 

electronics, along with the ±9 V to ±6 V conversion circuit, was designed and fabricated. The 

±9 V was supplied from battery and the ±6 V was required to drive the electronic 

components. The output of the PCB was sent to an 8k MCA (Make: Tukan) [93]. 

6.2.2.7 Optimization of the reverse bias voltage of the photodiode 

The reverse bias to the photodiode was provided by connecting various number of 9 V 

batteries in series. The impact of the bias voltage on the energy resolution at 662 keV was 

studied by recording the spectra with a 137Cs test source for different values of the reverse 

bias voltage in the range 9-93 V. Each spectrum was recorded for 300 s.  
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Figure 6.12: The pulse processing circuit of the compact gamma spectrometer with a GGAG:Ce,B scintillator coupled to a photodiode [93].
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The energy resolution values, obtained by fitting Gaussian functions to the peak at 

662 keV of each spectrum, are shown in Figure 6.13 as a function of the reverse bias voltage 

of the photodiode [93]. It can be seen from Figure 6.13 that the energy resolution remains 

more or less constant to within experimental uncertainties in the range of bias voltages 

studied. The uncertainties in the values of energy resolution depend on the choices of the 

ROIs and the accuracies of the Gaussian fitting. From the datasheet of the photodiode [191], 

it may be found that its full depletion voltage is nearly 70 V. Theoretically, the energy 

resolution is expected to improve for bias voltages above this full depletion voltage, because 

of minimization of the capacitance of the photodiode, and therefore, that of the associated 

series noise (see Section 1.2.3.1.3). However, this effect is most likely masked by the more 

dominant deterioration of the energy resolution by other factors [1], [91], as mentioned in 

Section 1.3.3.2.1. 

 

Figure 6.13: Energy resolution of the GGAG:Ce,B-photodiode based gamma spectrometer as 

a function of reverse bias voltage of the photodiode [93]. 

It was observed that the spectrum recorded with 0 V photodiode bias voltage was 

highly unstable and noisy. Also, it was seen that when the bias voltage was supplied by 
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batteries, the resulting spectra always had less noise and better energy resolution, than when 

the same was provided by a regulated power supply with a stability of better than ±0.1 V. 

Therefore, it was decided to design the system for operation with 9 V reverse bias 

voltage provided by a single battery. This ensured that the system would be compact as well 

as less noisy [93]. 

6.2.2.8 Optimization of the shaping time of the Gaussian shaping amplifier 

As described in Section 1.2.3.1.3, as the shaping time is increased, the series noise of the 

photodiode decreases but the parallel noise increases. Overall noise is minimized at a 

particular choice of the shaping time [1]. Also, the shaping time must be longer than the 

decay time of the scintillator for complete charge collection, and, at the same time, short 

enough to minimize pulse pile-up. 

In order to see the effect of the shaping time of the Gaussian shaping amplifier on 

the energy resolution at 662 keV, spectra were recorded by employing CR-200 shaping 

amplifiers with various shaping times in the range 25 ns-8 µs. Each spectrum was recorded 

for 300 s. The recorded spectra with the 1, 2 and 4 µs shaping times are shown in Figure 6.14 

[93]. Spectra with the other shaping times (25, 50, 100, 250, 500 ns and 8 µs) were noisier 

and had poorer energy resolution. Therefore, these spectra are not shown. Clearly, the best 

energy resolution is obtained with the shaping time of 2 μs. Therefore, it was decided to 

design the final system with this fixed optimized shaping time. Hence, the CR-200-2 μs 

shaping amplifier was chosen [93]. 

6.2.2.9 Energy calibration 

Pulse-height spectra were recorded using the setup of Section 6.2.2.6 including the CR-200-2 

μs shaping amplifier with 137Cs (662 keV), 60Co (1173 and 1332 keV), 22Na (511 and 1274.5 

keV) and 152Eu (344 and 1408 keV) test sources. Each spectrum was recorded for 300 s. 
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Figure 6.14: Pulse-height spectra of 137Cs measured 

with a GGAG:Ce,B-photodiode based gamma 

spectrometer for different shaping times: (a) 1, (b) 2 

and (c) 4 μs [93]. 

.
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The energy calibration using these seven gamma energies is presented in Figure 6.15. 

Excellent energy linearity is observed in the studied energy range, i.e. 344-1408 keV [93]. 

 

Figure 6.15: Energy calibration of the GGAG:Ce,B-photodiode based gamma spectrometer 

[93]. 

6.2.2.10 Factors affecting energy resolution of the GGAG:Ce,B-photodiode based 

gamma spectrometer 

It is to be mentioned that the best energy resolution at 662 keV, obtained with the 

GGAG:Ce,B-photodiode based spectrometer, is nearly 13% (with shaping time 2 µs and 

photodiode reverse bias 9 V). On the other hand, when the same scintillator is wrapped with 

Teflon tape, coupled to the Hamamatsu R1306 PMT, and the bulkier electronics of Section 

6.2.2.2 is used, the energy resolution, as calculated from Figure 6.11, improves to nearly 

9.4%. Therefore, although there is a huge improvement of the quantum efficiency when the 

photodiode is used (nearly 83%) as opposed to the PMT (only about 5%), the energy 

resolution with the former is still poorer. This is because of the small SNR and the resulting 

much higher noise of the photodiode (Gain = 1) based spectrometer, as compared to the PMT 

(Gain = 2.7 × 105) based one [93]. This argument is in line with the results presented in [144]. 
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6.2.2.11 Development of the USB powered GGAG:Ce,B-photodiode based compact 

gamma spectrometer 

The PCB of Figure 6.12 and that of a USB based 1k MCA, were together put inside an 

aluminum box with dimensions 137 × 86 × 84 mm3 and thickness 1.5 mm. The DC-DC 

converter integrated circuit (IC), IA0509S, was used to convert the 5 V from USB to ±9 V 

required as the input to the ±9 V to ±6 V conversion circuit of Figure 6.12.The aluminum 

housing also enclosed the 9 V battery required to bias the photodiode. This completed the 

design of the compact USB based spectrometer. A photograph of the developed spectrometer 

is depicted in Figure 6.16 [93]. This spectrometer is portable and only needs a PC for 

connecting its USB. The software of the MCA needs to be installed in the PC. The 

spectrometer can then be controlled from the PC. The USB provides power to the system as 

well as receives the recorded spectra. 

 

Figure 6.16: Photograph of the developed USB based compact (137 × 86 × 84 mm3) gamma 

spectrometer with a 10 × 10 × 10 mm3 GGAG:Ce,B scintillator coupled to a 10 × 10 

mm2 photodiode [93]. 

6.2.3 Conclusion 

An in-house grown GGAG:Ce,B single crystal was coupled to a Hamamatsu S3590-08 

photodiode. A compact, low power, USB based gamma spectrometer was designed and 
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developed using this scintillator-photodetector assembly. The biggest advantages of this 

spectrometer are its low voltage operation. It was optimized to work with a photodiode 

reverse bias voltage of only 9 V, provided by a single replaceable battery. Therefore, the need 

of the bulky high voltage electronics, typical for a PMT based system, was eliminated. 

Miniature hybrid preamplifier and shaping amplifier modules were chosen to provide 

compactness over the traditional NIM-based modules. The shaping time of the amplifier was 

optimized at 2 µs. An optimum energy resolution of about 13% was achieved at 662 keV 

with the developed spectrometer. Excellent energy linearity was also observed over 344-1408 

keV. 

The developed photodiode based spectrometer offers a good alternative to a 

traditional PMT based spectrometer, albeit at the cost of some unavoidable deterioration in 

energy resolution. It is much more compact, rugged, low cost, and operates at much lower 

voltages. Furthermore, it can be used in strong magnetic field environments, where the PMT 

based systems might show some performance degradation [93]. 
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CHAPTER 7 

CONCLUSION AND SCOPE FOR FUTURE WORK 

7.1 Conclusion 

In this thesis, Monte Carlo simulation as well as experimental studies were performed for two 

in-house grown single crystal inorganic scintillators, namely, CsI(Tl) and GGAG:Ce (as well 

as GGAG:Ce,B), to investigate their performance in gamma spectrometry in conjunction with 

different available photodetectors, viz. the PMTs and the silicon based photodetectors. CsI(Tl) 

is a widely used scintillator. However, GGAG:Ce (or GGAG:Ce,B) is a relatively new 

material with promising characteristics. 

A GEANT4 based Monte Carlo simulation model including both radiation transport 

and optical photon transport was developed and experimentally validated for both of these 

scintillators. The model was subsequently used to study and identify the important parameters 

that influence the performance of these scintillators when they are coupled to photodetectors 

and employed for gamma spectrometry. The developed model can, therefore, be an important 

tool to evaluate the performance of scintillators-photodetector combinations in gamma 

spectrometry. 

The simulation model was also shown to help in theoretical optimization of 

proposed designs of spectrometers that include light guides in between the scintillator and the 

photodetector. Light guides usually have to be custom made for each application. The 

developed model can help in this customization. 

Starting from the as-grown single crystals, two gamma spectrometry systems were 

developed for possible field applications, one with the CsI(Tl)-PMT combination, and the 

other with the GGAG:Ce,B-photodiode combination.  
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A CsI(Tl) based standalone environmental gamma spectrometry system (EGSS) for 

continuous unattended operation in open environment was designed, developed and field-

tested. The system was shown to be capable of identifying gamma emitting radionuclides in 

the environment including those present in dispersing gaseous plumes, a quality that can be 

immensely important from an emergency preparedness point of view. 

A portable photodiode based USB powered gamma spectrometer was developed 

using a GGAG:Ce,B scintillator. It can be used for quick radionuclide identification for 

situations where a bulkier and costlier PMT based spectrometer cannot be afforded. 

7.2 Scope for future work 

Whereas some of the parameters required to drive the simulation model were incorporated 

from knowledge about the in-house grown scintillator crystals, and a few more from results 

of experimental studies conducted during this research work, the rest had to be incorporated 

from empirical data reported in literature. However, not all required parameters were 

available. These parameters, e.g., bulk absorption length for CsI(Tl) and GGAG:Ce 

scintillators as well as PMMA light guide, Birks' constant for GGAG:Ce, etc. were 

incorporated based on logical approximations. Also, for GGAG:Ce and GGAG:Ce,B, the 

scintillation yield is variously reported in literature. Wherever possible, the accurate 

theoretical or experimental evaluation of these parameters and their subsequent incorporation 

into the code would yield better results. 

A more complete simulation model may be developed if the response of the 

photodetector can also be incorporated into the model. The fate of the generated charge 

carriers could then be simulated and this can give finer insights into the mechanisms leading 

to signal fluctuations and the associated deterioration of energy resolution. 
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An installed network of a large number of environmental gamma spectrometry 

systems can provide valuable data for studying radionuclide dispersion in the environment in 

case of a radiological or nuclear emergency. 

An APD or SiPM based compact gamma spectrometer may be developed which 

may offer improved energy resolution compared to the presently developed photodiode based 

spectrometer, owing to the higher SNR achievable with APDs and SiPMs than with 

photodiodes. 
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