
 
 

 Metal Oxide Nanostructures & Composites for 
Ionizing Radiation Detection and  

Measurement  
 
 
 
 
 

 A Thesis submitted by  

Ram Milan Sahani   
 
 
 
 
 

in partial fulfilment of the requirements for the award of the degree of  

Doctor of Philosophy  
 
 
 
 
 
 
 
 
 
 
 

 
 

Indian Institute of Technology Jodhpur  
Department of Physics  

July 2021 



 
 

  



 
 

Declaration 

 
I hereby declare that the work presented in this Thesis titled “Metal Oxide Nanostructures & 

Composites for Ionizing Radiation Detection and Measurement” submitted to the Indian Institute of 

Technology Jodhpur in partial fulfilment of the requirements for the award of the degree of 

Doctor of Philosophy, is a bonafide record of the research work carried out under the 

supervision of Dr. Ambesh Dixit. The contents of this thesis in full or in parts, have not been 

submitted to, and will not be submitted by me to, any other Institute or University in India or 

abroad for the award of any degree or diploma. 

 
 

Ram Milan Sahani 
P16PH002 

  



 
 

  



 
 

Certificate 

 

 This is to certify that the thesis titled “Metal Oxide Nanostructures & Composites for 

Ionizing Radiation Detection and Measurement”, submitted by Ram Milan Sahani (P16PH002) to the 

Indian Institute of Technology Jodhpur for the award of the degree of Doctor of Philosophy, is a 

bonafide record of the research work done by him under our supervision. To the best of our 

knowledge, the contents of this report, in full or in parts, have not been submitted to any other 

Institute or University for the award of any degree or diploma. 

 

 

Dr. Ambesh Dixit  

Ph.D. Thesis Supervisor 

  



 
 

 

 

 

 

 

 

 



iii 
 

Acknowledgments  

 
 
It is a great pleasure and proud privilege to express my sincere, deep sense of gratitude to my 
research supervisor Dr. Ambesh Dixit, Associate Professor IIT Jodhpur, for his invaluable guidance, 
thought-provoking suggestions, supervision during the entire course of my thesis work at the 
Indian Institute of Technology (IIT), Jodhpur. His critical suggestions and constant 
encouragement throughout this work have always been a source of inspiration in completing 
this thesis. I am privileged to express sincere gratitude to my Group head, Dr. Arun Pandya, 
Scientist ‘F’ at Defence Laboratory, Jodhpur for his constant guidance and support during all 
radiation experiments, encouragement and invaluable suggestion for documentation of the 
work. His motivational words have been the source of continual inspiration throughout this 
work. 
 
I express my deep sense of gratitude to Sh. Ravindra Kumar, Scientist ‘H’ & Director, Defence 
Laboratory, Jodhpur and Prof (Dr.) Shantanu Chaudhary, Director IIT, Jodhpur, for his constant 
guidance and support, suggestions and encouragement   in completing the work; Prof. (Dr.) S.R. 
Vadera, for providing an opportunity for perusing part-time Ph.D. at IIT, Jodhpur as Former 
Director DL, Jodhpur and guidance and support as Head, Department of Physics at IIT, 
Jodhpur; Sh. A.S. Rathore, Scientist ‘G’ & Head NRMA Division and Sh. A. K. Yadav, Scientist ‘G’ 
Former Head NRMA Division; Sh. S.G. Vaijapurkar, Scientist ‘G’(Retd.) of Defence Laboratory, 
Jodhpur for constant encouragement and suggestions throughout this work.  
 
I am highly grateful to my thesis committee members Dr. Ashutosh Kumar Alok, Dr. Shree Prakash 
Tiwari and Dr. Satyajit Sahu for their valuable discussions on the topic, their positive criticism 
and constant encouragement which motivated me to complete this work.  
 
I am also thankful to Dr. Manoj Patra, Dr. Lokesh Saini, Dr. Yojana Janu for photoluminescence 
measurements of samples; Dr. M.S. Roy, Dr. Vijay Singh Chaudhary, Dr. Narottam Prasad for UV-
Vis measurements of samples; Sh. H.S. Chaudhary and Sh. Arvind Parihar for their help and 
support in my thesis work as well as a fruitful discussion during work; I take this opportunity 
to thank all the colleagues of the Nuclear Radiation Sensors Group of Defence Laboratory; Dr. 
Anuradha Bera, Dr. Pradeep Narayan, Sh. V.K. Mahala,  Sh. Naresh Jingar, Sh. Manjeet Kulhar and 
Other group members; Members of NRMA Division, for providing their support and 
encouragement during work. I am also thankful to colleagues from IIT, Jodhpur Dr. Chandni 
Kumari, Dr. Rajneesh Chaurasiya, Ajay Kumar, Chandra Prakash, Sumit Kukreti and other group 
members at IIT Jodhpur for their direct and indirect help during experimental work.  
 
I am indebted to my parents (Late) Sh. Balkeshwar Sahani & Smt. Tersi Devi; My Elder brother and 
his wife Sh. Ram Ujagir Sahani & Smt. Santoshi Devi whose prayers, warm support, blessings, 
love and confidence helped me to complete this work. Nothing can compare the sacrifices given 
by my loving wife Kavita Sahani and my daughter Ishita with their unconditional love and 
support at each turn of my research work. Life blessed me with them. My younger brother and 
his wife Harish & Savita constantly boosted me morally to accomplish this work. Last but not the 
least, I must admit here that the everlasting memory of my grandparents (Late) Sh. Jamuna 
Prasad and (Late) & Smt. Murati Devi whose blessings have been a constant driving force for me 
behind this endeavour.  

Ram Milan Sahani 
Ph.D. Student 

  



iv 
 

 

  



ix 
 

List of Figures 

 

Figure 1.1: Various applications of Ionizing Radiation Sources (source:  https://ndt.hamamatsu.com, 

https://pavementinteractive.org, https://www.fz-juelich.de, https://www.aerial-crt.com, 

https://www.epa.gov) .............................................................................................................................. 3 

Figure 1.2: Possible ways of radiation exposure due to Direct External Exposure and Radioactive Contamination

 ................................................................................................................................................................... 4 

Figure 1.3: (a) Penetration of different radiation in external exposure (b) Internal radioactive Contamination in 

human organ (source: https://www.liquiglas.jp/gamma, https://www.cdc.gov) (c) Composition of 

the human body (b) Direct and Indirect damage of DNA by ionizing radiation .................................... 5 

Figure 1.4 : (a) Alpha Scintillator requirement in Associated Particle Imaging (b) Alpha scintillator for escaping 

alpha particle flux for plasma confinement ............................................................................................ 6 

Figure 2.1: Non-Ionizing Radiation (Radio waves-UV) results in molecular rotation, vibration and electronic 

excitation and Ionizing Radiation (X rays, Gamma rays) can eject electrons from atoms .................. 11 

Figure 2.2: (a) Schematic diagram Coolidge tube (b) The generated X-ray has characteristics and 

Bremsstrahlung ....................................................................................................................................... 12 

Figure 2.3: Decay Scheme of 137Cs and 60Co Gamma radiation source ...................................................................... 13 

Figure 2.4 (a) Alpha and Neutron Emission in D-T reaction (b) Spontaneous Alpha particle emission from 

radioactive 241Am nucleus........................................................................................................................ 13 

Figure 2.5: (a) Decay scheme and energy spectrum of 36Cl beta decay (b) Decay scheme of 113In and energy 

spectrum of Beta particle from internal conversion (Knoll, 2010) ....................................................... 14 

Figure 2.6: Neutron emission using (a) Spontaneous Fission (b) (Alpha, n) reaction ............................................ 14 

Figure 2.7: Schematic diagram of Linear accelerators ............................................................................................... 15 

Figure 2.8: Application of Ionizing Radiation ............................................................................................................ 16 

Figure 2.9 : (a) Stopping power of alpha particle of different energies in air (b) Range of 5.5 MeV alpha particle 

in the air (Calculated from SRIM Software, 2010(Ziegler et al., 2010)) ................................................. 17 

Figure 2.10: stopping power of electrons of various energies in Lead (Pb) target(NIST, n.d.) .............................. 18 

Figure 2.11: (a) Neutron Capture in 6Li results in formation of 3H and 4He (b) Scattering cross-section of few 

isotopes (JANIS Data) ............................................................................................................................ 18 

Figure 2.12: Elastic Scattering of Neutron ................................................................................................................. 19 

Figure 2.13: Inelastic Scattering of neutron .............................................................................................................. 19 

Figure 2.14: Interaction of Gamma Radiation in three different ways depending upon the energy of radiation 

and Z of material..................................................................................................................................... 20 

Figure 2.15: (a) Band Diagram schematic showing the ionization process (b) Schematic design of ionization 

detector .................................................................................................................................................. 25 

Figure 2.16: Ionization Radiation-induced creation e-h pairs and collection by an electric field (Knoll, 2010; 

McGregor and Hermon, 1997) ............................................................................................................... 26 

Figure 2.17: (a) Band Diagram schematic showing the scintillation process (b) Schematic design of scintillator 

detector .................................................................................................................................................. 27 

Figure 2.18:(a) Band Diagram schematic showing the thermal/optical in stimulation (b) Schematic design of 

scintillator detector ................................................................................................................................ 28 

Figure 2.19: Plot of trapped electron n, probability p and Intensity of Glow curve np (Sunta, 2015) .................... 28 

Figure 2.20: OSL curve in three stimulation scheme (a) Continuous-wave OSL (CW-OSL) (b) Linearly Modulated 

OSL (LM-OSL) and (c) Pulsed OSL (P-OSL) (Botter-Jensen et al., 2003) ) ........................................... 29 

Figure 2.21:(a) Band Diagram schematic showing the Radiation-induced effects (b) Schematic of 

characterization for measurement of effects ....................................................................................... 30 

Figure 2.22: Uniaxial hot pressing and Spark Plasma Sintering................................................................................. 31 



x 
 

Figure 2.23: Structure and Photoluminescence of ZnO (a) Wurtzite Structure of ZnO Crystal (G. Heiland and P. 

Kunstmann, Surf. Sci. 13, 72 (1969) (b) Photoluminescence of ZnO at 5K excited by HeCd laser 

(Leiter et al., 2001) ..................................................................................................................................34 

Figure 2.24:Unit Cell of  (a) Rutile (b) anatase and (c) Brookite (Khataee and Mansoori, 2012a) .......................... 52 

Figure 3.1: Identified Gaps in ZnO and TiO2 Materials ............................................................................................. 59 

Figure 4.1: Preparation of ZnO:Ga Nanorods using low-temperature hydrothermal method .............................. 63 

Figure 4.2: Schematic diagram of preparation zinc Oxide-Polystyrene Composite scintillator film ..................... 65 

Figure 4.3: Schematic Diagram of TiO2 nanorod synthesis on FTO glass substrate ............................................... 66 

Figure 4.4 : (a) Schematic of X-ray tube structure and (b) schematic characteristics X-ray generation. (c) .........67 

Figure 4.5: (a) Schematic of different component of scanning electron microscope (b) Carl Zeiss EVO18 System 

at IITJ ...................................................................................................................................................... 68 

Figure 4.6: (a) Schematic diagram optical design of Spectro-fluorometer (b) JASCO-6500 Spectrofluorometer

 ................................................................................................................................................................ 69 

Figure 4.7: (a) Schematic for optical design of Raman Microscope (Source: Schrader, 1995) (b) Nomadic Raman 

spectrophotometer (Make: BaySpec, USA) ......................................................................................... 69 

Figure 4.8: System used for UV-Vis spectroscopy (a) Specord S 900 and (b) Optical Design (Source: 

http://www.bds-cy.com/) (c) Perkin Elmer Lamda-900 Spectrophotometer and (d) Optical Design 

(Source: https://www.perkinelmer.com) .............................................................................................. 71 

Figure 4.9: Keithley 2636 Source Measure unit used for I-V characterization......................................................... 71 

Figure 4.10: 239Pu  alpha radiation Source .................................................................................................................. 72 

Figure 4.11: (a) Structure of Am-Be neutron Source (Saeed et al., 2016) (b) Neutron energy spectra of Am-Be 

neutron source(Marsh et al., 1995) ........................................................................................................ 72 

Figure 4.12: NABL Accredited Gamma Radiation Testing and Calibration Facility (DL, Jodhpur) ........................... 73 

Figure 4.13: Schematics of Radiation induced Scintillation Measurement .............................................................. 73 

Figure 4.14: (a) Schematic diagram of Photomultiplier tube and electron multiplication (b) Actual PMT used 

Thorn 9256 KA used in the study (Wrapped with Black tape to protect from light) .......................... 74 

Figure 4.15: Different types of preamplifier (i) Voltage sensitive preamplifier (ii) current sensitive amplifier (iii) 

charge sensitive preamplifier (Ahmed, 2015) ........................................................................................ 74 

Figure 4.16: (a) Schematic of resistive Feedback mechanism in charge sensitive preamplifier (b) Exponential 

decay of output pulse (Ahmed, 2015) ....................................................................................................76 

Figure 4.17: Schematic of CR-RC shaping and output pulse(Ahmed, 2015) .............................................................76 

Figure 4.18: Schematic of CR-RC-CR shaper and output for step input (Ahmed, 2015) .......................................... 77 

Figure 4.19: Schematic diagram of the multichannel analyser (Ahmed, 2015) ........................................................ 77 

Figure 4.20: (a) Block diagram GSpec-USB MCA (b) Actual multichannel analyser used in the study ...................78 

Figure 4.21: Distribution of Net Counts when no activity is present (upper) and when activity is present (lower)

 .................................................................................................................................................................79 

Figure 5.1: (a) Actual component of used in the development of alpha radiation detector (b) developed alpha 

radiation detector (c) schematic diagram of alpha detector (d) schematics of the process involved 

in the scintillation process ..................................................................................................................... 85 

Figure 5.2 : (a) X-ray diffraction pattern (b) Scanning electron micrograph of ZnO:Ga Nanorods on Glass 

substrate ................................................................................................................................................ 85 

Figure 5.3: (a) Band Gap Measurement (b) Photoluminescence emission of ZnO:Ga nanorods .......................... 86 

Figure 5.4: (a) Pulse height spectrum of background, 241Am+239Pu, 241Am and 239Pu obtained by alpha radiation 

detector utilizing ZnO:Ga nanorods (b) Count rate obtained by alpha sources of different activities

 ................................................................................................................................................................ 86 

Figure 5.5: (a) Pulse height spectrum of 241Am obtained at different source to detector distances (b) Detection 

efficiency and MDA at different source to detector distance ..............................................................87 

Figure 5.6: Pulse height spectrum of (a) background (b) 241Am+239Pu source (c) 241Am source (d) 239Pu source 

recorded five times by alpha radiation detector (e) Variation in net count rate obtained by different 

radiation sources in five no. of runs ...................................................................................................... 88 

file:///C:/Users/rmsah/OneDrive/Desktop/Thesis/Ph.D.%20Thesis1%20RMSAHANI_PH16P002%20Final%20for%20Print.docx%23_Toc87913511


xi 
 

Figure 5.7: Pulse height spectrum of (a) background (b) 241Am+239Pu source (c) 241Am source  (d) 239Pu source 

recorded with different ZnO:Ga  nanorod detectors five times by alpha radiation detector (e) 

Variation in net count rate obtained by different radiation sources ................................................... 90 

Figure 6.1: (a) Schematic diagram of Process for preparation of ZnO-Polystyrene scintillator film (b) Actual .... 94 

Figure 6.2: Optical properties of Zinc Oxide/Polystyrene composites (a) Transmittance of zinc 

oxide/polystyrene composite with different % (w/w) of ZnO in 200-1000 nm range (b) at 300 nm (c) 

Absorbance of ZnO/PS composite with different % (w/w) of ZnO in 200-1000 range (Sahani et.al. 

2021) ........................................................................................................................................................ 95 

Figure 6.3: UV-Vis spectroscopy of ZnO/Polystyrene Composites (a) Diffused Reflectance spectra (b) Band Gap 

Measurement of ZnO/Polystyrene Composite films............................................................................. 96 

Figure 6.4: Photoluminescence properties of ZnO/Polystyrene composite scintillator (a) PL Excitation Spectra 

at 385 nm emission (b)PL Emission Spectra at 300 nm excitation of ZnO/PS composite films ......... 96 

Figure 6.5: Radio-luminescence obtained by 239Pu Alpha radiation excitation ..................................................... 97 

Figure 6.6:(a) Interaction of Alpha Particle to ZnO/PS composite and scintillation (b Mechanism of 

Nonradioactive Energy transfer in ZnO/PS Composite Scintillator) .................................................... 97 

Figure 6.7: Alpha Induced Scintillation Measurement (a) Pulse height distribution obtained with differently 

loaded ZnO/PS composites using 241Am Alpha source, (b) Integrated Counts in 40-1020 channels 98 

Figure 6.8: Alpha detection efficiency and MDA of 5-50% w/w ZnO loaded in Polystyrene ................................... 99 

Figure 6.9: Pulse height spectra of (a) 5% ZnO-PS (b)10% ZnO/PS (c) 20% ZnO/PS (d) 50% ZnO/PS Composite Film 

with different activities of Alpha sources (e) Integrated Counts in 40-1020 Channels ..................... 100 

Figure 6.10: (a) Repeatability of Alpha detection of single ZnO/PS 50% (w/w) sample (b) Reproducibility of alpha 

detection of four ZnO/PS 50 % (w/w) samples ..................................................................................... 101 

Figure 6.11 (a) Alpha radiation response versus thickness for ZnO/PS 50% (w/w) composite sample (b) Range of 

5.5 MeV alpha particle in Polystyrene, ZnO/PS 5-50% (w/w) and ZnO calculated using SRIM-2008.04 

version(Ziegler et al., 2010) ................................................................................................................... 101 

Figure 7.1: (a) Schematic for preparation of ZnO-6LiF/PS Composite (b) Optical photograph of developed 

composite ............................................................................................................................................. 106 

Figure 7.2: (a) Schematic diagram of the experimental set up (b) Actual Measurement set-up (c) Radiation 

Measurement using DMC 2000GN Gamma Neutron Dosimeter ........................................................107 

Figure 7.3: Neutron response of ZnO-LiF/PS composite with Natural LiF and 6Li enriched LiF ............................ 108 

Figure 7.4: Neutron radiation response of ZnO-6LiF/PS composite with three different concentration ratios .. 108 

Figure 7.5: Repeatability of Net Counts obtained from ZnO-6LiF/PS composites ................................................. 109 

Figure 7.6: Neutron Radiation Measurement at different time durations ............................................................. 110 

Figure 7.7: Net counts at different counting time (b) Net counts from ZnO-6LiF vs.  dose ................................... 110 

Figure 7.8: Pulse height spectra obtained at different source to detector distance (a-e) .................................... 112 

Figure 7.9: Neutron Response of ZnO-6LiF (1:1)/PS composite at various source to detector distance ............... 112 

Figure 8.1: (a) Schematic diagram of sample exposure at NABL Accredited Gamma Testing and Calibration 

Facility (at Defence Laboratory Jodhpur, India) (b) Experimental set-up for I-V measurements on 

gamma ray exposed TiO2 nanorod samples ......................................................................................... 118 

Figure 8.2: X-ray diffraction (XRD) pattern of TiO2 nanorods grown on FTO/glass substrate, showing highly 

textured (002) TiO2nanorods ................................................................................................................ 119 

Figure 8.3: SEM micrographs of TiO2nanorods grown on FTO/glass substrate at different magnification (a) at 5 

kX and (b) 50 kX ..................................................................................................................................... 119 

Figure 8.4: Room temperature (a) Raman Spectra and (b) computed (α.E)2 versus energy E (= hν) plot for 

synthesized rutile TiO2nanorods ........................................................................................................... 120 

Figure 8.5: Carrier lifetime measurement using photoconductive decay (PCD) method. .................................... 120 

Figure 8.6: (a) I-V characteristics and (b) current measured at -1V for TiO2/FTO/glass with silver as top contact at 

different gamma dose exposures ........................................................................................................ 121 



xii 
 

Figure 8.7: (a) The schematic process of gamma radiation exposure to the TiO2nanorods and creation of e-h 

pairs together with creation of secondary electrons and (b) electronic band diagram explaining 

recombination dynamics of gamma radiation generated e-h pairs in TiO2nanorods .........................122 
 

 

  



xiii 
 

 

List of Tables  
 

 

Table 2.1: Sources and Types of Ionizing Radiation ................................................................................................... 15 

Table 2.2: Tissue Weighting Factors of Human Tissues ............................................................................................ 22 

Table 2.3: Deterministic Effects due to whole-body irradiation at different Radiation Doses(Valentin, 2007) .... 23 

Table 2.4: Deterministic Effects due to Local irradiation at different Radiation Doses .......................................... 23 

Table 2.5: Stochastic Effects and the Risk Factor ..................................................................................................... 24 

Table 2.6: Summary of ZnO based Detector for Ionizing Radiation Measurement ................................................ 44 

Table 2.7: Summary of TiO2 as Ionizing radiation sensor.......................................................................................... 53 

Table 3.1: Properties of Detector Materials used for Detection of Alpha radiation ............................................... 57 

Table 5.1: Absolute detection efficiency calculated at different source to detector distance using 241Am Source 

with counting time 300 sec and average background count rate 3.0 cps. .......................................... 87 

Table 5.2 Count rates of different sources at a distance of 5 mm and Counting time 60 s .................................... 89 

Table 5.3: Count rates obtained by using four samples of ZnO:Ga detector and different radiation sources ...... 90 

Table 6.1: Integral counts obtained in 40-1020 with differently doped ZnO/PS composites using 241Am alpha 

source (3700Bq), calculated detection efficiencies and MDA ............................................................. 98 

Table 6.2: Integrated Counts in 40-1020 channels with different activity alpha sources ....................................... 99 

Table 7.1: Net Counts measured from ZnO-6LiF/PS composite and Fast neutron dose measured using solid-state 

dosimeter ............................................................................................................................................... 110 

Table 7.2: Neutron radiation measurement using ZnO-6LiF(1:1)/PS composite and Gamma neutron dosimeter. 112 



xiv 
 

List of Symbols 

 

Symbol Description  

  

a.m.u. Atomic Mass Unit 
241Am Amarecium-241 
Bq Becquerel 
252Cf Californium-252 
Ci Curie 
Co Cobalt-60 
137Cs Caesium-137  
e-, e+ Electron, Positron 
Gy Gray 
K-40 Potashium-40 
n Neutron  
p Proton 
238Pu,239Pu Plutonium-238,239 
226Ra Radium-226 
222Rn Radon-222 
90Sr- 90Y Strontium-Yettrium-90 
Sv Sievert 
t Counting time 
232Th Thorium-232 
238U Uranium-238 
Z Atomic Mass 
α Alpha  
β Beta 
γ Gamma  
ε Detection efficiency 
ν, 𝜈̅ Neutrino, Antineutrino 
σ Standard Deviation 

 

 

 

 

 

 

 

 

 

 

  



xv 
 

List of Abbreviations 

 

Abbreviation  Full form 

  

ADC Analog to Digital Converter  

CW-OSL Continuous Wave Optically Stimulated Luminescence Dosimeter 

CZT Cadmium Zinc Telluride  

DBE Defect Band Emission 

D-D Deuteron -Deuteron 

D-T Deuteron-Triton 

EBRT External Beam Radiotherapy 

FAST Field Assisted Sintering   

FNM Fast Neutron Monitoring  

GI Gastro Intestinal  

GZO Gallium Doped Zinc Oxide  

HPLT High Pressure Low Temperature  

HT High Temperature  

KERMA Kinetic Energy Released Per Unit Mass 

LM-OSL Linearly Modulated Optically Stimulated Luminescence Dosimeter 

LPE Liquid Phase Epitaxy 

MCA Multi Channel Analyzer  

MDA Minimum Detectable Activity 

MDD Minimum Detectable Dose 

NBE Near Band Edge 

NORM Naturally Occurring Radioactive Materials   

NVD Nausea, Vomiting and Diarrhea  

OSL Optically Stimulated Luminescence Dosimeter  

PMMA Polyethylene Methyl Methacrylate  

PMT Photo Multiplier Tube 

PSPMT Position Sensitive Photo Multiplier Tube 

SEM Scanning Electron Microscopy 

SPS Spark Plasma Sintering  

SDD Source To Detector Distance  

TLD Thermo-luminescent Dosimeter  

TTIP Titanium Tertraisopropoxide 

UHP Uniaxial Hot Press 

XRD X ray Diffraction 

ZnO Zinc Oxide 

 

 

 

 

 

 



xvi 
 

 


