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Abstract 
This project uses luminescence techniques to investigate the radiation dose history of materials 

suspected to have been exposed to man-made (‘artificial’) radiation, from the perspective of 

two applications: forensic investigation and retrospective dosimetry measurement. 

The test material used in this project was taken from the concrete bioshield of the ANSTO 

Moata research reactor decommissioned some 10 years ago. It was subjected to nuclear 

radiation from the reactor core during its operational life and as such, is an analogue of concrete 

that would be expected to be sampled from clandestine nuclear facilities. 

Forensic investigation examines material to ascertain provenance and prior history, and in the 

context of this project seeks to confirm prior irradiation of concrete by artificial radiation. 

Retrospective dosimetry measures the absorbed radiation dose in material that is collected after 

the irradiation has taken place. The concrete was taken from different positions within the 

bioshield and so had varying absorbed doses of radiation, which again is an analogue of samples 

likely to be collected from the environs of the site of a nuclear accident or facility. 

This project detected and analysed the 620 nm (red) /190 °C TL peak in quartz, confirming that 

the material had been artificially irradiated. This signal was then compared against a dose 

calibration curve to derive an equivalent radiation dose for individual samples. These results 

were compared to the position in the bioshield and resulted in a decreasing exponential trend, 

which confirms the accepted attenuation character of radiation through matter. This 

characterisation may also be used to determine if thermal erosion of the luminescence has 

occurred and derive a correction for the sample reading. 

The quartz study was extended by investigating the 480 nm (blue) emission, found to be 

universally present in all quartz samples analysed for doses to 64 kGy. Sensitisation of both the 

210 °C and 350 °C thermoluminescence peaks from 300 Gy-8 kGy was confirmed, with the 

sensitisation of the 350 °C peak found to be permanent, whereas the 210 °C peak sensitisation 

was found to be destroyed by heating and only reconstituted with further high doses. This 

differing behaviour forms the basis of a quick screening test that can indicate the prior exposure 

to high artificial radiation events, with a result obtainable in hours rather than days. 

The TL of un-hydrated cement was investigated and found to be linear to doses of 1 kGy 

however low sensitivity restricts its use to those scenarios where a large dose has been absorbed. 
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Definitions 
Becquerel (Bq) - the SI unit of radioactivity, corresponding to one disintegration per second. 

Gray (Gy) - the SI unit of the absorbed dose of ionizing radiation, corresponding to one joule 

per kilogram. 

Sievert (Sv)- the SI unit of dose equivalent (the biological effect of ionizing radiation), equal 

to an effective dose of a joule of energy per kilogram of recipient mass. 

MDD (Minimum Detectable Dose)- three times the standard deviation of the background 

noise signal at the temperature of interest (the TL peak temperature). May be expressed in terms 

of measured dose in Gy or in TL counts 

Terminology 
Dose - An amount of ionizing radiation received or absorbed. 

Environmental dose – a dose of radiation absorbed from any natural source in the 

environment. 

Geological dose – the environmental dose accrued from natural sources, specifically in a 

geological context. 

Artificial dose (ATL) – a dose of radiation absorbed from a man-made source, typically with 

a dose-rate many orders of magnitude greater than the environmental dose rate. In the context 

of this project, ATL refers to the radiation dose accrued from the radiological incident being 

investigated. 

Natural dose (NTL) – the dose of radiation in the sample as-collected and for this project will 

include an artificial and environmental component. 

Luminescence -the emission of light by a substance. 

Thermoluminescence (TL) - the property of insulators which have accumulated dose over 

time, becoming luminescent when subjected to elevated temperature. 

Optically Stimulated Luminescence (OSL) – the property of insulators which have 

accumulated dose over time, becoming luminescent when illuminated with light. 

Kinetics – a term referring to the methods for analysis of the stability of a TL or OSL emission 

and the factors that determine the stability. 
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1 Chapter 1- Introduction 
The aim of this project is two-fold, addressing questions associated with both forensic 

dosimetry and retrospective dosimetry which, although having distinct and separate goals, 

nonetheless use the same experimental method for evaluation. Firstly, can irradiation of the 

sample material by a man-made source be detected and, secondly, is there any marker from a 

high dose exposure that can be used to identify that exposure in an expeditious manner. 

Furthermore, once a measurable artificial dose is identified, can it be separated from the 

geological dose and quantified for use in a retrospective reconstruction of the radiological event 

in question.  

The material chosen for study of these questions was concrete, due to the availability of a unique 

set of samples in the form of concrete engineering cores extracted from the biological shielding 

of ANSTO’s decommissioned Moata reactor. The approach was to isolate the individual 

mineral components of the concrete then investigate each in turn to determine which was most 

suitable for dose measurement. Quartz was found to be well-suited for the forensic and 

retrospective dosimetry applications, and therefore most of the research was focused on dose 

measurement from quartz grains extracted from the concrete cores, with a complementary study 

to investigate potential high-dose damage markers in quartz grains of sedimentary origin. 

The second component of concrete analysed for dosimetry potential was cement powder, 

studied to determine if hydrated or un-hydrated cement can be used in conjunction with the 

quartz study to clarify the dose history of the concrete under investigation. 

1.1 Introduction 

Following the ‘end’ of the cold war in 1989, the USA assumed the dominant role in world 

affairs without the counterbalancing effect of the USSR and as a result, hitherto peripheral 

nation states and actors have assumed a more significant role. During the cold war the 

aspirations of nations and non-state players regarding nuclear weapons was able to be somewhat 

moderated given the dominance of the cold war super-powers. This presumed influence has 

now waned and left space for proliferation in nuclear technology. Whilst the issues regarding 

counter-proliferation remain the same, the likelihood that clandestine activities are being 

conducted have increased and hence there is a need to develop and refine detection techniques 

to meet this challenge.  

Prior to the 20th century, exposure to nuclear radiation came only from cosmic radiation and 

from radioactive isotopes distributed throughout the earth’s crust, at crustal average 

concentrations of ~3 ppm U, ~12 ppm Th and ~ 1% K, and occasionally at higher concentrations 
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in more localised deposits or from radon gas formed by the decay of uranium in soil and 

concentrated within certain features, including within the interior of many buildings. The 

radiation from these sources manifests as an all-encompassing background, usually referred to 

as “environmental radiation”, one within which life has evolved, with debate over whether it is 

harmful (as implied in the radiation protection field as the ALARA principle – As Low As 

Reasonably Achievable).  With the discovery of “radiation” (x-rays – Becquerel, 1897, γ-rays- 

Thompson, 1897, α-, β-rays- Rutherford, 1897) and the isolation of radioactive elements (e.g. 

Radium, Polonium- M. Curie, 1898, Actinium- Debierne, 1898, Radon- Rutherford, 1899) 

radiation exposure became more widespread and consequently deleterious and beneficial 

effects were observed. Of the former, dermatitis (various reports- 1896) and radiation 

“sickness” (Walsh- 1897) and the latter, diagnostic x-rays (1896), Hormesis (1896,1899- cell 

growth and immune system activity increased); the first Radiation Protection Committee was 

formed in England (1897). 

Nuclear technology was advanced greatly during WWII, with the first sustained chain reaction 

achieved by the Manhattan project with Chicago Pile 1 (CP-1) and the production of enriched 

uranium and plutonium for the development of the first ‘atom’ bombs from purpose-built 

reactors in Hanford (Washington State). The further development of reactors used to generate 

electrical power increased the scope whereby nuclear material could be released (accidentally 

or purposely) into the wider environment and having a probably deleterious effect. This 

radiation from concentrated radioactive material is easily distinguishable from natural or 

environmental radiation and is termed here “artificial radiation”. 

Measuring the radiation emitted by a material or a facility may use a radiation monitor (e.g. a 

Geiger counter) measuring the presence of individual radiation photons. Alternatively, using a 

dosimeter (e.g. TLD – thermoluminescence dosimeter) the energy deposited in a body by the 

radiation is measured in Grays or Sieverts. 

The role of dosimeters may further be extended by considering if the dosimeter has been 

specifically selected and located before the irradiation event (a prospective measurement) as 

for the previously mentioned TLD or if the dosimetry material is selected after the irradiation 

event (retrospectively). In other words, retrospective dosimetry may defined as: ‘The 

estimation of a radiation dose received by an individual recently (within the last few weeks), 

historically (in the past) or chronically (over many years)’ (Ainsbury et al., 2011). 
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1.2 The Luminescence Phenomenon 

Luminescence is a property of insulators where the passage of ionising radiation deposits a 

small amount of energy in lattice defects, generally in the form of electrons and holes in excited 

states. Since this is not the ground state of the system, the electron, for example, is in a ‘meta-

stable’ state i.e. one where there is a finite probability that it will spontaneously be ejected and 

decay to the ground state. It is most easily understood using the one trap one recombination 

centre (OTOR) model that is based on the band gap model of the crystal lattice where both the 

valence and conduction bands have multiple degenerate energy levels, many closely spaced 

levels that differ little in their energy. In a pure, defect free (ideal) crystal there are no energy 

levels in the band gap, however crystal defects (impurities, vacancies etc) will result in isolated 

energy levels being present in the band gap: defects a), b), c) depicted in Figure 1.1.

 

Figure 1-1.Depiction of the energy band model of luminescence with basic processes 

Incident radiation (in this case a γ-ray) imparts energy to an electron which is elevated to the 

conduction band where it moves until captured by an electron trap a). Here it stays until 

spontaneously ejected with a probability of: 

p= τ-1=s*e-E/kT        Equation 1-1  

where τ is the mean time spent in the trap, s is the frequency factor- number of attempts to escape 

the trap per second, E is the trap depth in eV, k is Boltzmann’s constant and T is the temperature 

of the crystal in degrees K. 

derived by Arrhenius from thermodynamic principles. Note that the probability of release from 

the trap is increased if E is reduced (the trap depth is shallower) or T is increased (more energy 

to escape). 
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Meanwhile, the hole (electron vacancy) in the valence band travels until captured by a defect, 

in this case a ‘luminescence centre’, c) where it remains until neutralised by an electron. Due 

to the large energy step to the valence band it is unlikely to be neutralised spontaneously by an 

electron from the valence band and so awaits electron neutralisation from the conduction band. 

When the electron finally escapes the trap, it travels the conduction band until it is captured by 

the luminescence centre where it neutralises the hole and emits excess energy as a photon of 

light (luminescence). This is the basis of signal fading, more severe for shallow traps as they 

are more likely to escape than those in deeper traps. 

This scenario is also played out in the opposite sense where a hole is captured by the defect 

hole trap b) and when it escapes is neutralised by an electron in a luminescence centre, closer 

the conduction band than c) where the luminescence again is produced. 

Considering a crystal that has been irradiated and has many electrons trapped, as the 

temperature rises the probability of escape from the trap increases and so too the photon 

intensity. This situation continues as the temperature rises whilst there are enough trapped 

electrons but once there have been more electrons released than remain the intensity will begin 

to decrease and will rapidly fall to zero at higher temperatures. This behaviour is illustrated in 

Figure 1.2 noting that the peak intensity is a measure of the incident radiation intensity or dose.  

 

  

Figure 1-2. A typical TL peak response to increasing temperature after being irradiated. 

If a sample contains multiple traps with different trap depths, then the TL curve (conventionally 

the “glow curve”) will contain multiple overlapping TL peaks of differing amplitudes. If there 

are various recombination centres, then the emission wavelength of the various centres will also 
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differ, so suitable optical filters may be used to select a preferred wavelength emission for 

further study. 

A typical glow curve for quartz is shown in Figure 1.3, where it exhibits a strong emission at 

~620 nm with observable TL peaks at ~80 °C, 190 °C and 350 °C (for a heating rate of 1 K/s) 

and other smaller peaks at ~115 °C and 270 °C. 

Figure 1-3. TL glow curve of quartz: derived from segment 2A. 

180-250 µm grain size, 1 K/s heating rate to 400 °C, 620 nm emission (LPF650/OG550 filters) with an 
artificial β dose of 300 Gy additional to the environmental dose. 

Traps may also be made to liberate electrons by exposure to visible light and is termed 

“optically stimulated luminescence (OSL). Here the sample is held at a pre-determined 

temperature whilst being flooded by a monochromatic light source, either at a constant intensity 

or a steadily increasing intensity. The 325 °C TL trap in quartz is one such easily eroded or 

‘bleached’ peak, where the sample is stimulated using 480 nm (blue) light and the resulting UV 

luminescence signal is monitored, with filtering to exclude the stimulation light that is many 

orders of magnitude above the signal. A simulated ‘shine down’ curve is shown in Figure 1.4 
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Figure 1-4. Simulation of a typical OSL signal response to constant optical stimulation after irradiation. 

 

1.3 A Review of Published Work 

1.3.1 Retrospective Dosimetry 

A logical place to start is the “Review of Retrospective Dosimetry Techniques for External 

Ionising Radiation Exposures” (Ainsbury et al., 2011) from whence came the definition of 

retrospective dosimetry (§1.1). Techniques covered may be divided into three categories viz. 

biological, which relate to effects induced in humans (but not exclusively so), physical, which 

are induced in inert materials that nonetheless may have a biological origin and computational, 

that is a computational model of the irradiation event; the scope may be summarised beginning 

with the biological techniques. 

The biological techniques may further be separated into Cytogenetic techniques: which 

monitors how chromosomes relate to cell behaviour, that is measuring the biological response 

to cell changes caused by absorbing radiation, Genetic techniques which relate to the expression 

of genes and the changes in this rate with radiation exposure, Haematological techniques: where 

quantities such as blood cell counts may be monitored and related to a normal count obtained 

after the irradiation event and Protein markers which monitor the change in protein abundance 

in response to the irradiation event. 

The physical techniques include electron paramagnetic resonance (EPR) which detects the 

paramagnetic centres such as radicals or point defects caused by radiation damage most often 

using tooth enamel or bone biopsies and other material such as sugar, plastics, glass, wool, 
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cotton, hair and nails. Preparation is easy, measurements are fast (minutes-hours) and may be 

repeated, being non-destructive of the signal, however the EPR machine is expensive. 

Luminescence techniques measure the small amount of energy deposited by radiation in the 

lattice structure of insulators such as quartz, feldspar, common salt etc and is released as 

photons of light, characteristic of the defect, when stimulated by heat (TL) or visible light 

(OSL). Both techniques are very well-established, being used for dating the manufacture of 

pottery or bricks or the last use of a hearth stone, all of which are categorised as fired materials, 

where the TL signal is reset to zero by the heating or firing event.  

In this context it has been used to derive the radiation dose resulting from nuclear accidents at 

Chernobyl (Ukraine) (Bailiff (INVITED), 1999), the Semipalatinsk (Kazakhstan)(Bailiff et 

al., 2016)  and the nuclear bomb site at Hiroshima (Japan)(Kerr et al., 2015) using roof tiles 

or bricks as the test material. Other materials deriving from personal objects such as credit 

cards, watch glass or memory chips from mobile phones have also been tested and will be 

covered in more detail later. OSL is also very suitable for dating sediments where the zeroing 

event is exposure to sunlight, and most usefully applied as the “single grain OSL” dating 

technique, which enables isolation of the most valid grain populations for age evaluation. 

Luminescence materials that have not been zeroed before the added dose are the subject of 

retrospective dosimetry in general and this project specifically.  

Physical techniques also include neutron activation where the radiation is manifested in 

biological tissues (blood, nails, hair) or metallic items worn by the victim (belt buckle, coins) 

as neutron produced radioactive isotopes. These isotopes are the measure of the radiation dose 

and the technique is of most use in criticality incidents where the victim is exposed to a large 

neutron flux at close range to the source. For example, in the 1999 Tokaimura (Japan) incident 

(Bhanot, 2000) a batch of uranyl nitrate went critical and exposed associated workers with 

doses of 17, 10 and 3 Sv estimated from the concentration of Na-24 in the body. As a 

comparison, 3 mSv is the average annual environmental dose rate, an 8 Sv dose is always fatal 

and was so in this case.  

Computational techniques include analytical reconstruction (time and motion) that estimates 

dose from point radiation measurements made by retrospective dosimetry measurements 

multiplied by the time spent near the data points; this was used to estimate Chernobyl workers’ 

exposure. Also included is Monte Carlo analysis for the photon transport mechanism where the 

radiation paths for specific geometries may be used to generate an exposure map and locate 

areas of high radioactivity.  
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In summary, the biological techniques are used in comparatively low-level incidents and track 

markers in human physiology, whereas luminescence techniques use inert insulators as the 

storage medium recording the exposure to ionising radiation, which may be over an extended 

area and large dose magnitude range. Neutron activation is of most use in high-level exposure 

events where criticality of nuclear material is reached, and extremely high radiation levels are 

reached in a relatively short time. 

1.3.2 Luminescence techniques 

Focussing on the physical techniques and luminescence specifically, Woda et al., (2009) 

reviewed the use of fired materials (tiles, bricks) in the determination of the accident dose noting 

that the background dose prior to the accident needed to be considered, the uncertainty setting 

the minimum dose level. The measurement of the luminescence signal in fired quartz derived 

from tiles, bricks or hearth stones is simplified because the pre-existing geological dose built 

up in the past from background radiation has been drained leaving only the accumulated dose 

from the radiological event of interest. Bailiff et al., (2000) used quartz derived from bricks 

taken from the Chernobyl area and compared both single and multiple aliquot procedures 

utilising TL (210 °C peak) and OSL, finding good agreement between all methods, with a 

variance of ±10 mGy for doses in the range 30-300 mGy. This technique was also used on 

quartz taken from roof tiles from Hiroshima (Roesch, 1987), calcium silicate bricks  from 

Chernobyl (Bailiff et al., 2004) and buildings in the Techa Valley (Goksu et al., 2002). The 

210 °C blue TL peak was investigated for use in dose measurement from quartz derived from 

bricks from Somero sacristy- Finland (Hütt et al., 2001) and Tegernsee- Germany (Göksu and 

Schwenk, 2000; Göksu et al., 2001) which gave results that agreed with the known 

archaeological ages. Cement based products (concrete, mortar) were considered (Woda et al., 

2009) with the observation that incomplete bleaching of the quartz sand results in a pre-existing 

luminescence signal (geological dose) that is present in the higher temperature TL peaks         

(350 °C) but which has decayed to insignificance for the lower temperature TL peaks.  Goksu 

et al., (2003) proposed the 170 °C @ 5 °K/s TL peak of quartz as a potential candidate for TL 

determination of the accident dose, given the peak lifetime is small compared to the geological 

age of the quartz, resulting in a small background signal, equivalent to 100 mGy dose. This 

argument is used to justify the use of 200 °C violet TL (Fujita and Hashimoto, 2007), 210 °C 

(Hütt et al., 2001; Göksu and Schwenk, 2000; Göksu et al., 2001; Woda et al., 2011) and 

225 °C (Campos et al., 2010) TL peaks in quartz. Kinetics of the intermediate TL peaks were 

also assessed for stability by (Veronese et al., 2004a; Veronese et al., 2004b; Spooner and 

Questiaux, 2000a).  
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Other household materials such as dishwashing powder, laundry powder, NaCl were found 

suitable with no pre-existing dose reported (Göksu and Bailiff, 2006; Woda et al., 2009; 

Christiansson et al., 2011; Spooner et al., 2011; Hunter et al., 2012) where the dose 

responses were in the main, linear to ~10 Gy with minimum detectable doses ranging from      

<1 mGy (NaCl) to ~100 mGy (Christiansson et al., 2011).   

All the preceding studies, however, only measure a fixed location local dose where dose 

determination for triage purposes requires the potential dosimeter be carried on the person 

(Woda et al., 2009) where tooth enamel, dental ceramics and components of mobile phones 

and chip cards were considered.  The dose response was generally linear to 10 Gy with 

minimum dose detectable of ~100 mGy but the signal was unstable with significant loss over 

several days. This requires an accurate determination of the time between irradiation and 

processing to correct for signal fading.  

The genesis of this project was the availability of samples taken from the concrete bioshield of 

the ANSTO Moata nuclear reactor decommissioned in the late 1990’s. This material was 

uniquely suited for study for forensic purposes as being directly analogous to concrete 

suspected of use elsewhere in clandestine programs. This availability narrowed the focus of 

materials being considered to those contained in the concrete samples, the most applicable being 

quartz, which is well characterised and with generally good response characteristics. Compared 

to quartz derived from fired material, that derived from cement has generally lower sensitivity 

and a significant pre-existing geological TL signal that must be excluded from consideration 

here. Cement, both hydrated and un-hydrated, is also considered as they are both intimately 

connected to the quartz grains and may help clarify some matters. 

1.3.3 OSL measurements 

Bailiff et al., (2000) applied OSL techniques to quartz derived from bricks taken from 

Chernobyl and obtained comparable results to those from TL techniques as noted in §1.3.2. 

Botter-Jensen et al., (2000) used single grain OSL to measure accumulated dose from bricks 

and associated mortar (fired and un-fired quartz) and found good agreement between the results 

and those derived using the comprehensive dose records available. Unheated quartz from a 

simulated concrete block and from an actual concrete block located in a radioactive materials 

storage facility were tested (Jain et al., 2002) (Thomsen et al., 2002) using single grain OSL 

and found to produce consistent results and in the process it was confirmed that very few quartz 

grains, ~2%, were fully bleached. Woda et al., (2009) also noted the low sensitivity of unheated 

quartz and utilisation of single grain techniques to counter heterogenous bleaching resulting in 

~104 grains being tested for statistically valid results.  
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1.3.4 High Dose TL 

There are few studies characterising the TL of quartz above the common ‘saturation’ dose for 

dating of approximately 300 Gy.  None specifically addresses the potential for retrospective 

dosimetry applications, but several have noted that quartz TL continues to grow and that there 

appears to be sensitisation after delivery of very high doses. Durrani et al. (1977b) and 

Sawakuchi & Okuno (2004) both used Brazilian quartz without any pre-treatment to 

investigate the TL response to very high doses (using proton and γ irradiation) and studied a 

range of TL peaks including the 210 °C, 350 °C peaks. David et al. (1978) reported sensitisation 

of quartz by ‘pre-gamma exposure’ where high doses of gamma irradiation sensitised the 400-

480 nm blue TL emission of quartz. Durrani et al. (1977b) and Sawakuchi & Okuno (2004) 

both reported sensitisation of over an order of magnitude for both 210 °C and 350 °C TL peaks, 

although Sawakuchi & Okuno (2004) reported rapid desensitisation of the 210 °C TL for doses 

exceeding 16 kGy. Importantly, David et al. (1978) found that heating the samples up to  

600 °C did not destroy the sensitisation of the 350 °C TL peak. 

In another study Spooner (1987) observed supra-linear 350 °C/480 nm TL growth for 

laboratory administered γ doses of 300-4000 Gy, using quartz still available for testing in this 

project. Huntley and Prescott, (2001) using a different sedimentary sample, found significant 

growth in 350 °C/380 nm TL emission beyond 700 Gy.  Chawla et al. (1998) have also shown 

sensitisation of blue TL emission for doses above 300 Gy, suggesting a possible link to the 

growth of an ESR centre. 

1.3.5 Comparison of the relative sensitivity of various TL emission bands 

Almost all the literature cited thus far has concentrated on the blue TL emission, possibly 

because the red TL in comparison suffers from interference from the effects of incandescence 

at higher temperatures. Hashimoto, (2008) provide a comprehensive review of red TL , which 

is often used for fired materials, most notably studies using tiles from the Hiroshima bomb site 

(Roesch, 1987). Hashimoto et al., (1987) irradiated a pegmatite quartz (of volcanic origin), 

observed the characteristic red TL emission and recommended that the red TL be used for dose 

measurement because it was found to be linear to 100 kGy doses with no supra-linearity, as had 

the blue emission. It was observed that one pegmatite quartz changed from red to blue emission 

with increasing dose. A study of thirteen quartz samples originating from different provenances 

Kuhn et al., (2000) reported that for absorbed doses of ~1 kGy two-thirds had strong emissions 

at 600 nm and 700 nm, with addition emissions at 400 nm and 300 nm of moderate intensity. 

The remaining samples had moderate emissions in 600 nm and 400 nm bands and strong 

emission at 500 nm, that suggests measuring emissions in the 500 nm and 600 nm bands covers 
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all samples tested in this study. Noteworthy amongst the samples tested was the absence of any 

Australian quartz, which is known to be bright in the 400-500 nm band. 

1.3.6 Thermal effects 

One concern using the mid-temperature TL peak is the possibility of thermal erosion due to 

elevated sample temperatures. Woda et al., (2011) found that a sample exposed to a continental 

climate will suffer blue TL signal erosion limiting the period of measurement to the last 50-60 

years. The kinetic parameters for the mid-temperature TL peaks (no filtering) were calculated 

using peak shape, curve fitting and variation of heating rate methods (Campos et al., 2010) and 

obtained a lifetime of 50 years @ 15 °C for the 225 °C TL peak. Others (Spooner and 

Questiaux, 2000; Veronese et al., 2004a) reported similar lifetimes for mid temperature TL 

peaks and various wavelength emissions. Erosion of the mid-temperature TL peak has been 

proposed as a test to indicate if concrete has been damaged due to heating from a building fire 

(Pei et al., 1997; Placido, 1980). Sensitivity change due to the temperature of quartz during 

irradiation is also reported (Durrani et al., 1977a; Kitis et al., 2000), where the sensitivity of 

the mid-range TL @ 20 °C for doses below 100 Gy increases for irradiation temperature to      

50 °C. 

1.3.7 Other TL materials 

Additional possible TL materials investigated include hydrated cement (Goksu et al., 2003) 

where the OSL emissions were adjudged too weak for useful dose measurement and TL 

emissions also weak compared to quartz (Personal Communication, Spooner). Cement 

powder was tested using TL (Gartia et al., 1995) where a Co-60 γ source imparted a dose of   

4 kGy and gave measurable results with most emissions being red and additionally, some blue 

and green. Calcite was investigated (Pagonis et al., 1997) using   blue TL, where spurious TL 

emissions and regenerated TL signals were reported.  

1.3.8 Concrete disaggregation 

Disaggregation of concrete to retrieve the quartz fraction may be as easy as crushing carefully  

and sieving with 88 µm mesh size (De Franceschi et al., 1973) to remove cement residues. 

Generally concrete is carefully crushed to separate the aggregate pieces from the hydrated 

cement/quartz sand mixture followed by digestion of the cement by concentrated HCl 

(Thomsen et al., 2002; Thomsen et al., 2003) and mortar  (Goedicke, 2003), 10 % HCl 

(Zacharias et al. 2002;  Goksu et al. 2003) or aqua regia (conc. HCl plus nitric acid) (Campos 

et al., 2010). 
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1.4 Some Radiological Incidents 

In 1991(Paynter, 1998) at an industrial sterilisation facility in Nesvizh, Belarus, an operator 

entered the sterilisation chamber after bypassing multiple safety systems to clear a conveyer 

blockage. He was accidentally exposed to a dose estimated to be 11 Gy over a one-minute 

period. Despite intensive medical treatment he died 113 days later. “Therac 25” units produced 

by Atomic Energy of Canada Ltd., were computer-controlled radiation therapy machines 

involved in six incidents between 1985-1987 resulting in 3 deaths (Leveson and Turner, 

1993). In two instances a specific sequence of keystrokes at a given speed always resulted in a 

fatal dose of 250 Gy being administered, illustrating the need for rigorous testing of all 

operational sub-systems to ensure the safety of patients and integrity of operation. 

In Taiwan, due to inadequate control processes, a cobalt 60 source from an obsolete medical 

treatment instrument was incorporated into steel reinforcing bar subsequently used in the 

construction of over 200 residential buildings built between 1982-4, exposing over 7000 people 

to low levels of γ-radiation. Subsequent studies (Hwang et al., 2006) found a slight increase in 

the incidence of cancer amongst residents, with a higher increase in the relative incidence of 

leukaemia in men and thyroid cancer in women. Similarly, in 1989 (Ilyin et al., n.d.), in 

Kramatorsk, Ukraine, a Cs-137 source was found incorporated in the concrete of the wall of a 

pair of apartments. It is estimated that it imparted a dose of 18 Gy/year over 9 years. In that 

time 6 people died of leukaemia and 17 more had received significant radiation doses.  

On 11th March 2011, the nuclear power units at the Fukushima Daiichi Power Plant (Amano, 

2015) in Okuma, Fukushima Prefecture, successfully shut down operation in response to the 

magnitude 9-9.1 earth quake 70 km east of the Oshika Peninsula, Japan. However, the resultant 

tsunami overwhelmed protective barriers and caused the failure of back-up power generators 

used to power the cooling water pumps of the power plants. Reactor fuel units in units 1-3 

subsequently overheated and the cores suffered a melt-down, releasing vast quantities of 

radioactive material into the local environment, both air and seawater. Subsequent enquiries 

found inadequate safety planning was the ultimate cause of the disaster. Similarly, in a nuclear 

power plant at Chernobyl (Ilyin et al., n.d.) on the 25th April 1986, during a safety test a steam 

explosion was caused by incorrect core conditions and inherent design flaws and lead to a 

graphite fire that spread large quantities of radioactive material over large areas of Ukraine, 

USSR and Europe. 

In the first two examples, the radiation dose of the victim can be reproduced or calculated with 

reasonable certainty. The next two examples likewise are such that the dose that residents were 

exposed to is readily estimated because the radiation scenario remains intact and available for 
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interrogation. The final two examples are an example of an uncontrolled situation that can’t be 

reproduced or re-run with laboratory samples. To gain quantitative information here 

retrospective dosimetry must be used. 

1.5 The Project 

The aim of this project is two-fold, addressing questions associated with both forensic 

dosimetry and retrospective dosimetry which, although having distinct and separate goals, 

nonetheless use the same experimental method for evaluation. 

1.5.1 Forensic Dosimetry 

Forensic dosimetry here uses luminescence techniques to determine the provenance of a 

material in the context of nuclear forensics, which is “..the examination of nuclear and other 

radioactive materials using analytical techniques to determine the origin and history of this 

material in the context of law enforcement investigations or the assessment of nuclear security 

vulnerabilities” (IAEA: https://www.iaea.org/topics/nuclear-forensics). Here the concrete 

taken from the bioshield of the ANSTO Moata nuclear reactor decommissioned some ten years 

ago is assessed with the aim of showing prior exposure of the concrete to artificial radiation 

from a nuclear facility using the luminescence technique. In this context, an operational 

procedure is advanced covering the collection and processing candidate material to reveal 

recent irradiation- a ‘quick look’ that gives a yes/no answer with minimal processing. A version 

is then developed to give a measure of the degree of artificial radiation exposure, further 

refining the speculation relating to the provenance of the material. 

1.5.2 Retrospective Dosimetry 

Retrospective dosimetry here uses the luminescence technique to provide an “estimation of a 

radiation dose received by an ‘individual’ recently (within the past few weeks), historically (in 

the past) or chronically (over many years)”(Ainsbury et al., 2011). Here the concrete samples 

from the Moata reactor provide a record of chronic radiation exposure over decades, including 

a quantitative measure of the radiation dose. In this context, the assessment will most probably 

be in response to an accidental or deliberate release of a significant quantity of radioactive 

material into the wider environment. So, a suitable procedure must give quantitative results 

with high confidence and account for confounding factors out of the direct control of 

researchers, e.g. environmental temperature, and allowing inter-comparison of results with 

other testing methods as appropriate. Additionally, the rapid response procedure is proposed 

when a method is needed to triage samples to prioritise the most promising samples first. 
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1.5.3 The Origin of the Study Samples 

Following the dismantling of the ANSTO Moata experimental reactor (Moata) in 2007 a small 

sample of the concrete bioshield was made available to Professor Nigel A. Spooner by Dr David 

Hill (ANSTO) to determine if a luminescence signal attributable to the reactor operation could 

be derived from it.  Preliminary testing by Professor Spooner indicated there was a signal 

present, warranting further investigation. Previous investigations into the thermoluminescence 

(TL) signal from quartz (Spooner, 1987) hinted that there may be a characteristic TL marker 

in quartz TL indicating exposure to a high dose of radiation derived from man-made sources. 

Whilst there have been studies published measuring the exposure of concrete to ionising 

radiation, irradiated in the laboratory or resulting from exposure to nuclear material, it was 

hoped that samples of the bioshield would reveal the presence of such a high-dose luminescence 

marker from real-world scenario. This would allow refinement of existing experimental 

protocols that could prove helpful in counter-proliferation activities. 

In preparation for the project, contact was made with Mr. Geoff Malone, an engineer who had 

helped plan and execute the dismantling of Moata, who made available not only the remaining 

test core material (~200 kg) and core material used for neutron activation analysis but also all 

the archival documentation recording the dismantling process itself. Unfortunately, because 

there was no radiological model developed for the Moata reactor and the bioshield testing was 

carried out purely to determine the extent of neutron activation, the probable dose deposited 

through the concrete was not available and the derived doses could not be compared with 

theoretical values to confirm their validity.  

1.5.4 The Thesis Outline 

Following this introduction, chapter 2 gives a brief overview of the operation of a fission type 

nuclear reactor, the basic elements of its structure and the nature of the deposited radiation dose 

in the bioshield. Details of the Moata reactor and the process of dismantling and handling of 

the sample cores is presented. Also presented are the estimates of effective attenuation path 

length through concrete from the reactor core outer surface to the core segment 

Chapter 3 gives a brief account of the development of cement from Roman times through to the 

present day and includes the basic chemistry of cement production, to give some context for 

the results. Locally sourced cement powder was then tested to compare with the few other 

samples reported in the literature, including extension of the applied dose further into the kGy 

region than is reported elsewhere. Included in this chapter is the procedure used for sample 

loading, the 3D TL spectrometer operation (theoretical basis and practical operation), the 

general operating procedure for the Risø TL reader and the use of the Glow Fit program for 
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analysing a glow curve in terms of component 1st order TL peak simulations for peak 

characteristic determination. 

Chapter 4 details the process used to disaggregate the concrete into its constituent parts (quartz 

sand, other fine components and aggregate stone pieces) followed by the sample processing 

required for TL testing. Samples were taken from along the length of three cores, where their 

absolute position in the core length was definitively known, and the existing TL signal in each 

of the core segments was then measured using the Riso TL reader. A dose response curve was 

generated by subjecting quartz from the outer layer of the bioshield to known doses of β 

radiation and matching the core segment responses with the master dose response curve, to 

assign an equivalent dose. The segment doses were also plotted as a function of the effective 

attenuation path length from the reactor core chamber outer surface to give a dose-depth profile 

through the bioshield. This may be used to confirm the absence or presence of thermal erosion 

of TL signals in the candidate material. 

Chapter 5 investigates the TL behaviour of an Australian quartz when subjected to β irradiation 

doses in the kGy region. Blue (480 nm) TL emission bands, sensitivity changes and persistence 

and dose responses were all investigated to compare the conventionally utilised blue TL to 

saturation levels (~300 Gy) with the signal obtained at higher dose levels. 

Chapter 6 discusses the results obtained from all the tests and draws some conclusions in the 

context of the stated aims of the project. Some suggestions for further characterisation and 

investigation of some of the component materials of concrete are advanced. 

Finally, the appendices contain detailed sample information and other contextual information. 
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2 Chapter 2- Nuclear Basics, The Moata Reactor & Core Samples 

2.1 Introduction 

The wartime Manhattan Project (Britannica, 2018) was tasked with investigating the feasibility 

of nuclear weapons and developing the means of plutonium production to enable the 

construction of these weapons. The nuclear age was well and truly ushered in on the 6th August 

1945 when the USAF B25 bomber, Enola Gay, dropped the first “atom” bomb on Hiroshima, 

Japan. Amongst the researchers working on this project was Australian physicist Dr Mark 

Oliphant who, upon cessation of the project, returned to Australia with the aim of furthering 

Australia’s nuclear technology ambitions, including possession of nuclear weapon capability 

and nuclear power generation expertise (Britannica, 2018) . 

The Australian Atomic Energy Commission (AAEC) was formed in 1952 and constructed the 

HiFAR reactor used for research and development and the production of nuclear medicine. The 

need to train engineers and technicians to maintain a research program lead to the construction 

of the Argonaut class research reactor (Sturm and Daavettila, 1961). It was given the name 

“MOATA” which is an indigenous word meaning “fire stick” or “gentle fire”. It was an 

ARGONAUT (ARGOnne Nuclear Assembly for University Training) class experimental 

reactor designed by Argonne Laboratories, which implemented the Manhattan project.  

The Moata reactor was a graphite/water moderated reactor using enriched uranium fuel with a 

design power output of 10 kW (later upgraded to 100 kW) and was operated from 1961 until 

1995, when it was finally decommissioned. The reactor fuel assembly was surrounded by a 

heavy steel shield and lead curtain to moderate fast neutrons escaping the reactor core. This 

inner shield assembly was surrounded by 300 mm of high-density concrete to further absorb 

neutrons and high energy γ-rays, followed by a 2-metre thick outer shield (bioshield) to absorb 

the predominant gamma radiation to prevent adverse physiological impacts on personnel and 

the wider environment.  

As a part of the dismantling process, cores were taken to help determine the extent of neutron 

activation of the bioshield components allowing accurate segregation of activated from un-

activated material. The cores were retained with the basic details of dimension and location 

recorded, with a few being complete and so providing a continuous sample of the shield for 

those locations.  
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2.2 Basic Reactor Operation 

For this exposition, the fuel considered consists of a mixture of two isotopes of uranium (U-

238 and U-235). They both have broadly similar specific activities (12.44 kBq/g for U-238 c.f. 

79.8 kBq/g for U-235) but because natural uranium consists of 99.3% of U-238, its activity will 

dominate. A spontaneous fission event for U-238 (splitting of the nucleus into two parts) on 

average results in the emission of ~2.5 neutrons and ~200 MeV of energy in total (Lilley 2001). 

A fission event may also be initiated by the absorption of a neutron, for example from a 

spontaneous fission event described above, with a similar result. 

If all the neutrons released were to initiate a fission event, then the numbers would increase 

rapidly, and a runaway reaction would result. However, if an equilibrium condition prevails 

quickly, where only 1 neutron per fission initiates a fission event, then a controlled nuclear 

reaction is the result. At this point it is said that there is a critical mass, criticality has been 

attained and that a controlled chain reaction occurs. 

The capture cross section is a measure of how likely an interaction is to take place, expressed 

in unit of ‘barns’ that are, by definition, the approximate area of the U-238 nucleus (10-28 m2). 

Originally the name was coined to obscure its purpose and referenced the saying “couldn’t hit 

the broad side of a barn” but has now passed into common usage in the nuclear and particle 

physics fields.   

 

Table 2-1Fission, neutron scattering and capture cross-sections of U-235 and U-238. Units are in barns. 

Table 2.1 lists the cross-sections for thermal and fast neutron interactions with U-235 and U-

238, both individually and relative to the proportions of each isotope in natural uranium ore 

(Glasstone and Sesonske, 1967). U-238 can only undergo fission by absorbing a neutron with 

at least 1 MeV of energy (a fast neutron) and then in only ~6% of cases (σfission: σscattering= 

0.3:5.1), whereas U-235 will undergo fission by preferentially absorbing a thermal neutron 

(σfission: σscattering = 4.1: 0.77). The capture cross section (σcapture) is relatively insignificant in all 

cases. 

 Thermal neutron (~0.25eV) Fast neutron (>1 MeV) 

Isotope σscattering σcapture σfission σscattering σcapture σfission 

U-235 10 99 583 4 0.09 1 

U-238 9 2 0.00002 5 0.07 0.3 

 
Multiply by relative abundances (U235: 0.72%, U-238: 99.27%) to give the relative cross-sections in 
natural uranium ore 

U-235 0.07 0.7 4.1 0.03 0.0006 0.007 

U-238 9 2 0.00002 5 0.07 0.3 
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For natural uranium (99.27% U-238 and 0.72% U-235) with each isotope having similar 

activity, only U-238 need be considered. It is seen that, for U-238, fast neutron scattering is 

much more likely to occur than fission and in most cases the neutron energy will fall below the 

1 MeV threshold before fission can be initiated in natural uranium. So, to initiate a chain 

reaction the neutrons must be slowed (moderated) to thermal energies quickly to allow the        

U-235 fission cross- section to dominate other non-productive capture mechanisms such as 

radiative capture by U-238 nuclei. Radiative capture in U-238 is undesirable because U-239 

forms, which decays via two β decay steps to Pu-239 that has a half-life of 24,125 years and so 

is effectively removed from consideration. It is only when the neutron has reached thermal 

energy that enough fission events can be induced by neutron capture in a U-235 nucleus and 

allow the possibility of a chain reaction. Note that natural uranium can never attain criticality 

because too high a proportion of neutrons are lost to non-fission reactions or escape from the 

material entirely. 

An effective moderator has a large inelastic scattering cross-section, where a scattered neutron 

loses energy and the average loss of energy per collision, A, depends on M/n: the ratio of 

moderator mass to neutron mass. Initially high mass materials such as lead (Pb) dissipate most 

of the neutron’s kinetic energy in a single step due to inelastic collision and are accompanied 

by high energy γ-ray production. However, elastic scattering dominates for lower energies and 

the final reduction in neutron energy to thermal levels is more effectively achieved using light 

atoms where, in general, hydrogen and deuterium are the best moderators. Hydrogen, as 

contained in ‘light’ water, has a large scattering cross-section (20 barns) for neutrons with 

moderate energy resulting in rapid moderation of neutrons to thermal energies hence increasing 

the likelihood of fission taking place. However, hydrogen has a significant neutron absorption 

cross-section (0.2 barns), which results in the formation of deuterium hence reducing the 

number of neutrons available for fission events. Deuterium, as contained in ‘heavy’ water has 

similar scattering cross-section (4 barns) as light water but with a reduced neutron absorption 

cross-section (0.0003 barns) resulting in efficient neutron moderation; however, heavy water is 

extremely expensive costing ~US$680/litre. Graphite, an allotropic form of carbon, has a 

scattering cross-section of 5 barns and neutron absorption cross-section of 0.002 barns, 

combined with abundant availability and relatively low cost, making it a desirable moderator 

material. Beryllium is also a very effective moderator; however, it is extremely expensive and 

suffers brittleness when used in a reactor. The Moata reactor uses both graphite and water 

moderator components and is intrinsically safe because the reactor can be quickly shut down 

by dumping the water moderator into an external tank. 
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An essential component of a thermal reactor is the reflector, which elastically scatters fast 

neutrons back into the reactor core rather than allowing them to escape and is composed of 

material which has a large scattering cross-section, such as steel, beryllium or graphite. High-

density reflectors such as steel or depleted uranium scatter the neutrons with minimal change 

in their kinetic energy, whereas a lower density material such as beryllium or graphite 

additionally acts as a moderator, by dissipating ~50% of the neutron kinetic energy in each 

collision. This further enhances the operation of a thermal reactor by increasing the supply of 

lower energy neutrons available for absorption and initiate further capture events. Research 

reactors may also incorporate a centrally located reflector, in addition to the usual reflector 

located around the core periphery. It is used as a source of fast neutrons in various experiments 

Generally, a shield is required to attenuate escaping fast (primary) neutrons and primary γ rays 

deriving from the fission reactions, slower (secondary) neutrons resulting from the moderation 

of primary neutrons and secondary gamma rays produced by the interaction of neutrons with 

shield materials external to the core. Absorption of the neutrons and gamma rays also deposits 

heat which must be considered when designing the shield. 

The shield design is influenced by the physical layout of the reactor itself, for example piercings 

in the shield for access to the core for maintenance, refuelling and to conduct experiments. Also, 

the location of operational personnel and their likely exposure time must be considered. 

 The inner (neutron) shield consists of a heavy steel jacket surrounding the core with additional 

lead shielding, which effectively moderates the fast neutrons allowing their efficient capture. 

Absorption of the neutrons by neutron capture results in activation of the shield material, 

resulting in lower energy secondary neutrons and additional β particles and γ rays when the 

radioactive isotopes decay to a more stable form. Additionally, heat generated in the above 

process must also be dissipated by the shield and associated cooling systems.   

A layer of high-density concrete (ρ=3.6 tonne/m3), containing barite (barium sulphate) or steel 

fragments acts as a transition material between the high-density steel or lead inner shield and 

the main bioshield, generally composed of low-density concrete (ρ=2.3 tonne/m3). This 

concrete has an abundance of light nuclei such as hydrogen in water incorporated into the 

hydrated cement, which efficiently absorbs the secondary neutrons.  

The concrete bioshield absorbs the secondary gamma rays produced by the absorption and 

moderation of neutrons by the inner reactor components (lead/steel inner 

containment/shielding). Generally, it consists of an inner layer of high-density concrete 

containing steel fragments or high-density minerals such as barium sulphate and covered by a 
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layer of low-density concrete with adequate thickness to attenuate emissions from the core to 

radiologically safe levels. If the thickness of this outer shield must be minimised, then it will 

comprise more high-density materials to increase the absorption of the γ-rays. It is this outer 

layer of the shield with minimal neutron activation that is the focus of this project. 

2.3 The Moata Reactor 

2.3.1 Preparation for Dismantling 

The first stage of the decommissioning and dismantling process involved removing all the 

internal components which were highly irradiated and securely stored on site, after which the 

reactor was left for 10 years to allow the neutron activation products in the inner bioshield 

material to decay to a level where it was safe to fully dismantle the bioshield and appropriately 

dispose of the material. The detailed proposal for dismantling the reactor is presented in 

(ANSTO, 2010) so only a brief account is presented here. 

As no radiological model of the reactor had been developed, the extent of neutron activation of 

the shield material had to be measured to determine which material could be disposed of in a 

general waste location and which material had to be stored in a special radioactive materials 

location. To this end a series of 50 mm cores were drilled in the concrete shield and sections 

analysed by γ-ray analysis to determine the extent of neutron activation. This testing indicated 

that the high-density concrete and the inner 300 mm of low-density concrete would be neutron 

activated to levels exceeding those acceptable for free release material. This means that the core 

material available for this study excludes that located closer than approximately 300 mm from 

the boundary with the high-density concrete, and the high-density concrete itself. 

The coring bit had a length of 500 mm, so the concrete core was broken off in lengths of        

~500 mm to allow the corer to penetrate to the desired depth, ~2 m. Unfortunately, many of the 

50 mm core sections fractured in multiple places and crumbled due to poor concrete quality; 

whole sections of the cores are not contiguous and hence an exact position along the core length 

could not be assigned to many core fragments. 

A further source of error was that the exact location of the cores utilised were not available, so 

the position had to be inferred from the information at hand. 

These are the cores that are utilised in this project, aiming to determine if there is a TL signal 

present in any component mineral of the concrete core, and if any inferences can be drawn from 

a TL signal obtained and its estimated position in the bioshield. Also, the method for breaking 

down the concrete into its constituent minerals was recorded as there is no standardised 

disaggregation method at present. 
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It should be noted that as there was no detailed radiological model developed of the reactor 

operation, a post hoc model was generated by ANSTO using the measurements gleaned from 

the dismantling process. This model only considered neutron flux and did not include any dose 

deposited by neutrons or γ-rays within the bioshield. Also, the documentation was focussed on 

informing the dismantling procedure and safety testing and, as a result, there are details 

pertinent to this project that are approximate, incomplete or missing entirely. This means that a 

rigorous TL analysis of the concrete bioshield that could be tightly linked to calculated dose-

deposition was unable to be undertaken, but proof of concept for the processes and techniques 

used validates the general concept of TL testing in this context the results obtained here will be 

directly applicable to the real-world scenario. 

The Reactor of the University of Strasbourg (RUS), France, which is an Argonaut reactor, was 

decommissioned and had a model developed of the neutron flux through the shield and used to 

determine the extent of activation of the concrete bioshield (Cometto et al., 2004).   

2.3.2 Core Details 

Following are a plan view and elevation view of the bioshield structure with some internal voids 

marked and the approximate positions and lengths of the cores used in this study. 

Initially, core #2 was a 50 mm diameter core which broke and powdered in sections and so was 

not useful for this project. However, a further requirement for the dismantling process resulted 

in a 100 mm core being drilled adjacent the 50 mm core position. This core was complete for 

the entire length and so was deemed suitable for use in this project. 

Core #5 is 50 mm in diameter and although it cracked and powdered in some locations, the 

sections where the samples were taken for this project were able to be positively located along 

the core length.  

The subfloor core is one of several cores in the floor taken to determine the extent of activation 

of the floor concrete, which is only low-density concrete. The sample taken is toward the 

innermost end of the core. Full details of all the cores received are contained in Appendices 1 

and 2.  

Note that the actual positions of the core locations are only approximate, and this adds 

uncertainty to the estimated effective attenuation path length through concrete, which was used 

to generate the dose deposition- attenuation path length profile. 

All cores are located on either the plan or elevation outline of the reactor bioshield in Figures 

2.1 or 2.2. 
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Figure 2-1. Moata reactor- plan view showing the position of core #2, core #5 and subfloor core #4. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-2. Moata reactor- elevation view showing the positions of core #5 and subfloor core #4. 

Estimated boundary 
of activated region 

Core #2 2000mm 
100 mm dia.  50 mm 
dia. 

Core #5 2000mm 
 50 mm dia. 

Subfloor Core #4  
 100 mm dia. 

Estimated boundary 
of activated zone 

Core #5. 1850mm 
50 mm dia. 

Core #4 subfloor 
100 mm dia. 
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For each of the cores sampled (core #2- 100 mm and core #5- 50 mm a section was removed 

from each end and at intermediate locations along the length as follows: 

• Core #2 (20 mm length) at depths from the bioshield outer surface: 

o  0-20 mm (sample 2A) 

o  980-1000 mm (sample 2C) 

o  1300-1320 mm (sample 2D) 

o  1660-1680 mm (sample 2E1 

o 1980-2000 mm (sample 2E2) 

• Core #5 (40 mm length) at depths from the bioshield outer surface: 

o 0-40 mm (sample 5A) 

o  1060-1100 mm (sample 5L) 

o  1460-1500 mm (sample 5N) 

o 1800-1840 mm (sample 5O) 

• Subfloor core #4 which was taken from the subfloor concrete adjacent to the presumed 

activation boundary 

o 20-40 mm (sample subfloor) 

The thickness of activated low-density concrete was taken to be ~300 mm in all cases but the 

floor had no high-density concrete layer. Assuming 300 mm of high-density concrete is 

equivalent to 600 mm of low-density concrete and that 300 mm of low-density concrete is 

activated after the high-density concrete, a depth of 900 mm was assumed for the subfloor 

sample. 

The actual position of each of the bioshield core samples must now be calculated by 

trigonometry to estimate the effective path length in concrete of the radiation emanating from 

the reactor core. Due to a lack of details relating to the internal reactor structure and dimensions 

save those that can be gleaned from photos taken during demolition or that can be inferred from 

the Engineering and construction costs document published originally in 1957, only a 

speculative position is available to locate the fragment samples in relation to the reactor core. 

The reactor core itself is a rectangular space, which has a 300 mm layer of high-density concrete 

(including steel punchings and a density of 5.1 t/m3 – double that of low-density concrete) as 

an outer layer. The additional attenuation of the high-density concrete is accounted for by 

increasing the path length by a factor of 2 for the high-density concrete path component (an 

approximation is that attenuation is ~inversely proportion to the density). For simplicity, the 

path is taken to be from the centre of the reactor core volume directly to the sample, where the 

effective path length does not include that section inside the reactor core space but does include 
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the path length correction for the high-density concrete. The thickness and disposition of any 

steel containment and lead shielding is unknown and so is ignored by assuming the inner surface 

of the high-density concrete is the radiation source and measuring the attenuation from there. 

An effective attenuation path length error of ±15% is assumed. 

Each of these samples were processed to extract the quartz sand from the concrete and then the 

luminescence characteristics measured as detailed in Chapter 4. 

2.3.3 Attenuation Pathlength- Core #2 

The density of iron is 7.85 t/m3, low-density concrete is 2.3 t/m3 and a 50% proportion by 

volume of steel punchings results in the high-density concrete being ~5.1 t/m3 as measured 

during demolition preparations. For a unit area, the attenuation for 150 mm of normal concrete 

is 15*0.121= 1.815 and for 150 mm of iron is 15*0.381 =5.715 for a total attenuation of 7.53 

for 300 mm of high-density concrete and hence the linear attenuation constant is 7.53/30 = 

0.251 cm-1. Conversely, for the same linear attenuation coefficient as normal density concrete 

only half the thickness of high-density concrete is required hence confirming the approximation 

that the thickness of shield material is inversely proportional to density linear attenuation factor. 

Accordingly, the effective attenuation path length is adjusted by doubling the high-density path 

length and accounting for it as low-density concrete, without changing the geometry of the path 

itself. For ease of measurement, the figure is a scale diagram and path lengths measured directly, 

with the component doubled to account for the high-density concrete. Note in the absence of 

any height above the floor level for the position of core #2, it was assumed to be ~0.6 m, or at 

the centre of core chamber, any error would be approximately equal and relatively small for all 

segments. Figure 2-3 illustrates the layout as described above. 
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Using the above method, the effective attenuation path length through low-density concrete for 

the segments are tabulated in table 2-2. 

Segment NDpath (mm) HDpath (mm) NDpath (eff) (mm) 
 =NDpath+(HDpath)*2 
(error= ±15%) 

2A 2225 325 2875 

2C 1275 350 1975 

2D 925 400 1725 

2E1 725 400 1525 

2E2 675 325 1325 

 

Table 2-2.Core #2 effective pathlength calculation. 

2.3.4 Attenuation Pathlength- Core #5 

Similarly, Figure 2.4 shows the position of core #5 and was constructed with the position of the 

core being adjusted to make the distance from segment O to the inner surface of the high-density 

concrete equal to 900 mm (as was noted in Table 1, ER124918) along the line to the centre of 

the core chamber.  

2E1 

2C 

2D 

2A 

2E2  

0                     1m 

Low-density concrete 

High-density concrete 

Reactor core 

chamber 

Figure 2-3. Core #2 effective attenuation path. 
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Using the same method for correction of the path length to account for the high-density concrete 

the resultant lengths are presented in Table 2.3. 

 

 

 

 

 

 

2.3.5 Attenuation Pathlength- Subfloor 

The attenuation path length of the subfloor sample is not well known so is assumed to be          

900 mm ±15%, however the assumption that the reactor core radiation is isotropic may not be 

valid, hence the deposited dose may imply a path length significantly different to that assumed 

here. 

2.4 Summary 

After a short explanation of the basics of nuclear physics and operation of a nuclear reactor, the 

dismantling procedure was outlined and details for the cores selected for further analysis were 

derived. The samples were selected from two cores where their distance from the surface was 

known with reasonable accuracy enabling an “effective concrete attenuation path length” to be 

Sample NDpath (mm) HDpath (mm) NDpath (eff) (mm) 
 NDpath+(HDpath)*2 
(error= ±15%) 

5A 2125 325 2775 

5L 1100 350 1800 

5N 700 400 1500 

5O 475 400 1275 

Table 2-3. Core #5 effective pathlength calculation. 

0 1 

High-density 

concrete 

Low-density concrete 

Reactor core 

chamber 

5L 

5N 

5O 

5A 

0 1 m 

Figure 2-4. Core #5 effective attenuation path. 
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calculated and a dose-depth profile to be plotted for each core to evaluate the consistency of the 

results. 
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3 Chapter 3- Cement Chemistry & TL Testing 

3.1 Introduction 

This project seeks to develop a procedure for use in retrospectively (“after the event”) selecting 

and testing material that was near an uncontrolled release of nuclear material or that was 

exposed to radiation from a man-made facility or source. Whilst there are many potential 

materials that can be pressed into service, concrete is widely used in the construction of nuclear 

installations and in the wider built environment. After a brief account of the manufacture and 

use of cement, TL testing was carried out on two samples of un-hydrated cement powder to 

ascertain its suitability as a TL phosphor capable of recording exposure to significant radiation. 

The un-hydrated cement powder is included for completeness because there is no expectation 

of any significant amounts being present in the cured concrete. 

Account is also given of the basic experimental steps required to carry out the testing- sample 

loading, irradiation and operation of the 3D TL spectrometer and Risφ OSL/TL reader unit. The 

TL testing carried out included TL spectrum analysis, dose response to irradiation, kinetic 

analysis and iso-thermal analysis to assess the stability of the TL peaks present. 

3.2 Cement 

The industrial processes employed in manufacturing cement and the techniques widely used in 

concrete construction are well-known, however the chemistry of cement hydration in the 

finished product are very complex. The standard text (Lea, 2003) is a comprehensive exposition 

on all aspects of cement chemistry and production, however it is dense and hard to gain an 

understanding of the field with no prior introduction. The monograph “The Science of 

Concrete”  (Thomas and Jennings, 2018) is also comprehensive but more accessible and 

provides an easier introduction to the subject. The following account of cement chemistry is a 

synthesis from the above sources aimed at illuminating the general process, to set in context the 

results presented in this chapter. 

3.2.1 Chemistry 

Modern day concrete is a mixture of sand and aggregate (gravel and stone chips) bound together 

with hydrated Portland cement to form (when cured) a solid mass. It is a well characterised 

material in widespread use as a construction material and suited for load bearing structures in 

all settings of the built environment. As a result, concrete is also used extensively in the 

construction of nuclear reactors, including as the bioshield surrounding the reactor core because 

of its versatility and makeup of its constituents. 
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The basis of mortar and cement chemistry is the so called ‘lime cycle’, described in Lea (2003) 

and summarised thus: 

CaCO3 + heat => CaO + CO2      CaO + H2O => Ca(OH)2      Ca(OH)2 +CO2 => CaCO3 +H2O 

          (calcination)                          (lime hydration)                     (maturation) 

The principal constituent of cement, limestone or chalk (calcium carbonate- CaCO3), is heated 

above 825 °C (the calcination temperature) for ~10 hours resulting in lime (CaO) and expelling 

carbon dioxide (CO2). The lime is then ‘slaked’ by adding water and is converted to calcium 

hydroxide (Ca(OH)2 in an exothermic reaction. If stored damp or wet no further reaction occurs 

and this so called ‘lime putty’ may be matured for a period of months before use as a mortar.  

Lime mortar will not set in the presence of excess water and so is referred to as ‘non-hydraulic’ 

mortar. When allowed to dry and then exposed to the atmosphere it reacts with the atmospheric 

carbon dioxide forming calcium carbonate, which completes the lime cycle. This lime mortar 

is not as strong as normal Portland cement used nowadays and takes longer to attain maximum 

strength. However, in the past it was used extensively as mortar, binding bricks and masonry 

blocks or stone into a solid mass, and is still used today, where its self-healing properties allow 

some movement in masonry structures without compromising strength. 

The dawning of the industrial age saw the refinement of the cement manufacturing process and 

led to the development of ‘Ordinary Portland Cement’ (OPC) which is the basis of the cement 

and concrete industries of today. OPC is a hydraulic cement which relies upon the hydration of 

various calcium silicates, forming crystals which bind the sand and aggregate particles together 

in a unified mass. 

3.2.2 Manufacture 

In more detail, the manufacturing process is as follows: the main component of cement is 

calcium carbonate (CaCO3) in the form of limestone or other calcareous material, which is 

ground along with silicaceous material (SiO2) in the form of glass, sand or flint etc, aluminium 

oxide (Al2O3) from bauxite, aluminium scrap or clay and iron (Fe2O3) from scrap iron, iron ore 

or fly ash and then heated to ~1400 °C in continuous batch rotary kilns for a number of hours 

to form the cement “clinker”. The aluminium and iron components serve as a flux, lowering the 

melting temperature of the SiO2, allowing the formation of the calcium silicates at a lower 

temperature, hence reducing emissions and cost. This clinker consists of the calcium minerals 

tri-calcium silicate (C3S), di-calcium silicate (C2S), tri-calcium aluminate (C3A) and tetra-

calcium aluminoferrite (C4AF) plus traces of calcium oxide (CaO) and silicon dioxide (SiO2). 

The clinker is pulverised, gypsum (CaSO4.H2O) is added and the whole ground to a fine 
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powder. The production assay of cement powder produced by Adelaide Brighton Cement is 

presented in table 3.1. 

Mineral Nomenclature % Notes 

tri-calcium silicate C3S 55  

di-calcium silicate C2S 17.0  

tri-calcium aluminate C3A 4.4 cubic and orthorhombic 

tetra-calcium aluminoferrite C4AF 11  

periclase MgO 0.2  

calcium oxide CaO 0.3  

silicon dioxide SiO2 0.4  

gypsum CaSO4.H2O 2.4  

hemihydrate CaSO4.5H2O 2.6  

anhydrite CaSO4 0.3  

calcite CaCO3 4.3  

aragonite CaCO3 nil  

portlandite Ca(OH)2 0.9  

alkali sulphates  0.3  

 

Table 3-1.Production assay of ordinary portland cement (grey cement) from Adelaide Brighton Cement 
Ltd. 

OPC is usually a grey colour due to the presence of the aluminoferrites, whereas white Portland 

Cement has a significantly reduced proportion of aluminoferrites, usually by substituting white 

kaolin for the more common greyish clay most often used. Depending on the final purpose 

additives may be included to accelerate, retard setting or modify the working characteristics for 

other applications. For example, gypsum is added in the initial manufacturing process to reduce 

and delay the hydration of C3S which otherwise would react very quickly and produce a “flash” 

set.  

The hydration process begins when water is added to the cement powder and immediately some 

clinker sulphates and gypsum dissolve to form a sulphate rich solution. The C3A dissolves to 

form an aluminate rich gel which reacts with the sulphate solution to form rod-like crystals of 

hydrous calcium aluminium sulphate (Ca₆Al₂(SO₄)₃(OH)₁₂·26H₂O or ettringite), which 

contribute little to the final concrete strength. This reaction is highly exothermic but last only a 

matter of minutes before it subsides, and the process enters the dormant phase during which the 

placement and working of the concrete takes place. At the end of the dormant phase the C3S 

and C2S begin reacting to form calcium silicate hydrate (C-S-H) and the excess lime (from the 

hydration of C3S) produces calcium hydroxide (portlandite - Ca(OH)2). The hydration of C3S 

is substantially completed within a day and the hydration of C2S completes in about a week 

after which additional strength develops over a period of years as residual Portlandite is 

converted to calcium carbonate by absorption of atmospheric CO2. 



40 
 

Adding a proportion of pozzolanic material (naturally occurring siliceous or aluminous sands 

of volcanic origin or fly ash from the burning of coal) to the OPC powder results in ‘blended’ 

cement which is stronger than OPC due to the pozzolanic reaction in which portlandite reacts 

with silicic acid (H4SiO4) to form additional calcium silicate hydrates. Blended cements form 

up to 30 % of current cement production with advantages being the reduction of production 

energy requirements and carbon dioxide emissions, utilization of industrial waste material (fly 

ash) and greater strength over time than obtainable from OPC. This is the basis of the longevity 

of the concrete of ancient Rome where some concrete structures exhibit minimal weathering 

after 2000 years, even when forming structures immersed in seawater.   

3.3 Sample Preparation 

As noted in §1.3.7 un-hydrated cement powder has a usable TL response warranting further 

investigation here. However, hydrated cement powder which forms the binder in concrete, has 

very weak TL emissions as noted in §1.3.7 and was considered unsuitable for this project and 

was not evaluated further. All further work in this chapter relates to un-hydrated cement 

powder. 

 Un-hydrated Portland cement is a complex mixture of manufactured minerals, as detailed in 

the preceding section, and as a result there is a possibility that any luminescence signal will be 

complex as there may be contributions from multiple minerals or that a relatively minor 

constituent may dominate the TL signal observed. Portland cement is produced using a standard 

process however the raw material composition may vary between locations and this may cause 

significant differences in the TL observed if minor constituents dominate the luminescence 

spectrum. 

 In this study the received cement powders are analysed without attempting to isolate specific 

minerals in the first instance. 

3.3.1 Disc Loading 

From particle size analyses of cement powder, it is noted that 89% of cement grains are greater 

than 8 µm in diameter (Appendix 3) and hence unsuited to fine grain deposition techniques, 

which are optimised for grain sizes in the range 4-11 µm. The cement powder and all other 

samples of quartz (>180 µm in diameter) were loaded using the following technique. 

Standard 9.7 mm diameter, 0.55 mm thick stainless-steel (L317) discs were sprayed with silicon 

oil, which acts as an adhesive, utilising a spray ‘mask’ to limit the silicon oil film to the central 

7 mm diameter portion of the disc. Care was taken to avoid excessive silicon oil , as it has a 
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tendency to run or “wick” under the mask and allow adhesion of sample material on the outer 

masked ring, which also may contribute to increased mass variability of the loaded discs.  

After spraying the discs, all loading operations are carried out in low intensity laboratory 

lighting with the intensity and colour of the lighting dependent on the bleaching performance 

of the luminescence signal being tested (Spooner et al., 1988)(Spooner et al., 2000)(Sohbati 

et al., 2017). In this case the cement powder was produced and distributed without any regard 

to lighting levels, as there was not expected to be any pre-existing ‘signal of formation. Hence 

all disc loading operations were carried out in white light conditions. 

The disc is inverted and placed silicon oil “adhesive” side down on the sample powder held in 

a small container and tapped a couple of times to force the sample into intimate contact over 

the entire coated area. The disc is then removed from the sample container and sharply tapped, 

edge-on, to remove any grains which are not strongly attached to the disc. Note that care must 

be taken with finely ground particles or material which is prone to “clumping” (such as common 

salt- NaCl) to ensure no clumps of material are attached to the disc, vigorous tapping may be 

required to dislodge such lumps. This process results in a monolayer of sample material across 

the disc surface.  

The mass of the disc is measured, both prior to loading (when the balance is zeroed or “tared”) 

and after loading, where the tapping may be also used to adjust the mass of the sample material 

on the disc to give more consistent masses across the series of sample discs. The sample mass 

for each disc is recorded and may be used to “mass normalise” the results, that is, convert the 

measured counts to counts/mg for the sample, hence minimising the variation in counts 

recorded for each disc due to the variation in amount of sample material adhering to individual 

sample discs and the variable characteristics of the individual sample grains. 

3.3.2 Irradiation 

All sample irradiations were carried out using a Location Instruments 15 Channel variable 

Timer Irradiation Unit, which irradiates a series of up to 14 sample discs for programmable 

intervals in pre-set steps ranging from seconds to hours. It consists of a controller unit which 

sets the sample disc being irradiated and the time interval of the irradiation, a turntable unit 

which holds the sample discs on a turntable, and the radiation source at a fixed position above 

the turntable. The controller positions each sample in turn under the source for the programmed 

time before rotating the turntable to the next position to continue the irradiation sequence.  

The radiation sources can be interchanged, and the one chosen for this work is a 90Sr/90Y plaque 

β source with a nominal activity of 40 mCi (1.5 GBq) in a standardised source housing with a 
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manually operated shutter and with a base configuration suited to the irradiator mounting plate. 

The laboratory standard 5 mCi (185 MBq) source, calibrated against a known 60Co source 

(Smith, 1983), had an activity of 0.216 ±0.003 Gy/minute as at Feb. 1980 was used to calibrate 

the 40 mCi source (Spooner, 1987) giving a conversion factor of 0.139 ± 0.001. Correcting for 

the source activity decay over 35 years from 1980 to 2015, the half-life of 28 years for 90Sr gave 

a decrease to 0.42044 of the 1980 activity. So, the activity of the β40 (2015) source referenced 

to the β5 source (1980) is 0.216 * 0.42044 /0.139 = 0.6534 Gy/min or 3.9 Gy/ (6-minute 

interval). 

The sample aliquots used for the 3D TL spectra were β irradiated for a total dose of 1 Gy,          

10 Gy, 100 Gy or 1000 Gy and stored for 43 days to allow short lived TL peaks to decay and 

leave the longer-term emissions for study. Additional, un-irradiated aliquots were also retained 

to determine the natural dose (if any). 

Alternatively, if the testing was carried out using a Risø TL/OSL reader unit the internal β 

irradiator with a 1.5 GBq Sr90/Y90 source delivering a dose rate of 0.105 Gy/min (activity 

corrected to 2018) was used. 

Generally, the source calibration error is ~1-2%, so a total error of ±5% is assumed to account 

for variations in deposited dose due to physical factors in the preparation and irradiation of the 

samples. 

The manufacturing process, whereby the clinker is formed at temperatures ~1400 °C followed 

by processing and storage in white light conditions, mitigates against there being any light 

sensitive pre-existing dose luminescence signal in the cement powder. After the sample discs 

were irradiated, they were stored in light proof trays and only exposed briefly to low level 

laboratory lighting during the process of loading into the various laboratory luminescence 

instruments. 

3.4 3D-TL Spectra 

Two cement powders, an ordinary portland cement (grey coloured) produced by Adelaide 

Brighton Cement and a white cement sold locally at Bunnings Hardware (no brand available), 

were screened for significant luminescence emissions using the in-house developed 3D TL 

Fourier Transform spectrometer. The 3D TL spectrometer system (Prescott et al, 1988) 

analyses the TL emission from a sample to display the TL intensity as a function of both 

temperature (the usual TL independent variable) and as a function of the wavelength of the TL 

emission at a given temperature as shown in Figure 3.1. 
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Figure 3-1 shows the dominant TL peak at a temperature of 270 °C and a wavelength of         

~620 nm. The contour intervals span an order of magnitude below the most significant peak 

magnitude and so represent a 5% change in intensity per interval with 20 contours plotted. Note 

that minor emissions at the high temperature maximum (here 400 °C) are an artefact resulting 

from the Inverse Fourier Transform processes and are usually ignored. Also note that, although 

the spectrum reproducibility between different aliquots is consistent Hunter and Spooner 

(2017), established TL dose response techniques should be used because using the TL counts 

from the surface plot may lead to erroneous correlations. 

3.4.1 3D-TL Spectrometer Operation 

The 3D-TL spectrometer is designed to perform Fourier Transform spectroscopy. It comprises 

a Littlemore TL glow oven and measurement system, with a modified Twyman-Green 

interferometer interposed between the oven and the photomultiplier tube (PMT).  The 

interferometer has one optical arm with a fixed position mirror and the second arm with a mirror 

with its position controlled by a piezoelectric actuator, which moves the mirror back and 

forwards, hence changing the path length. The centre of the mirror excursion is the “zero path 

difference” (ZPD) where the arm lengths are equal and the output for all wavelength emissions 

are a maximum. For a monochromatic source moving from the ZPD will result in a series of 

peaks and troughs in the intensity corresponding to path differences of nλ (peaks) and (n+½) λ 

troughs where the light from the two arms interfere constructively and destructively 

respectively. For a broad-band emission the ZPD position gives the maximum amplitude for 

the peak because all wavelengths interfere constructively, but as the path difference increases 

the peaks and troughs of the individual wavelength components of the emission loose coherence 

a. b. 

Figure 3-1. 3D-TL spectra of white cement with an artificial dose of 1 kGy dose. Both the surface 
plot (a) and the contour plot (b) give the TL counts as a function of both temperature and 
photon energy. 
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(occur at increasingly disparate path differences) and approaches the average intensity of the 

emission. 

 This “interferogram” is mathematically represented by the Fourier transform of the emission 

power spectrum B(k):  

I(x)=C∫∞-∞
 B(k) exp(ikx)dk + ½I(0)       Equation 3-1 

and tends to ½I(0) as x ->(-∞, ∞)  

where I(x) is the interferogram, C is a constant of proportionality, B(k) is the input 

power spectrum, k is the wave number (2π/λ) and x is the path length difference 

between the two interferometer arms. 

By performing an inverse Fourier transform on the interferogram the emission power spectrum 

(Bk) is obtained: 

B(k)= C’ ∫ [I(x)-I(∞))] exp(-ikx)dx      Equation 3-2 

  where C’ is another constant of proportionality 

Truncation of the path difference (x) prior to reaching ∞, -∞ creates a discontinuity and results 

in unwanted artefacts in the power spectrum, minimised by apodising the interferogram, that 

is, smoothing out the discontinuity. Also, the inverse transform assumes I(0) is constant which 

is not the case here as the temperature and hence the TL signal is continuously changing all the 

time the spectrometer is scanning. A second order approximation of the interferogram 

background is calculated and subtracted to approximate the constancy requirement. 

The 3D TL spectrometer is controlled by the ‘3DTL’ program, which allows the operator to set 

all test parameters for a series of samples, align the spectrometer and generate calibration files 

for use in the test session, carry out the spectrum measurements and export the formatted result 

files of the test specimens for processing.  

For operation, a sample disc is placed on the heater plate followed by a “black body mask”, 

which has an aperture that allows only the sample material to be viewed by the PMT window. 

The mask is insulated from the heater plate mounts and hence shields the PMT window from 

the thermal incandescence of the heater plate and mounts, hence reducing the background 

incandescence signal and reducing the likelihood of saturation of the PMT at high temperatures. 

The lens unit, which collects all the TL light over a solid angle of 0.24 sr and focuses it on the 

PMT window, is replaced and the chamber evacuated to a pressure of 6*10-2 T (8 Pa) to remove 

moisture and atmospheric contaminants, which are a source of spurious TL signals, especially 

at temperatures exceeding approximately 300 °C.  The evacuation process is aided by the 
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presence of a small beaker of phosphorus pentoxide (P2O5) desiccant in the chamber, which 

removes moisture and ensures a quick evacuation cycle. Once the chamber is evacuated to the 

desired pressure the chamber is flushed with dry nitrogen and the TL testing may commence. 

The test sequence is then initiated, where a series of interferograms are produced in response 

to the cycling of the movable mirror around its ZPD position.  

The ‘3DTL’ program is used to process the raw data files (interferograms) by apodising the 

results before the inverse discrete Fourier transform is applied to give the input power spectrum. 

The results are stored as ‘adata’ files. 

A Matlab subtract program operating on the adata (.WAC files) is used to subtract the 

background (reheat) from the first glow result. The resultant background subtracted file is 

plotted by a program that produces a 3D surface plot, where the intensity is a function of both 

TL temperature and wavelength (photon energy) of the emission. The contour plot presentations 

use 20 contours of equal photon intensity, auto-scaled at 5% increments from the highest 

displayed value. 

For this test sequence data was recorded for temperatures between 50- 400 °C for a heating rate 

of 1 K/sec using the test sequence JAEA-1. 

3.4.2 Results 

Un-irradiated natural aliquots and pre-irradiated aliquots and were individually tested in the 3D 

TL spectrometer and results plotted as both 3D surface plots and as contour plots and are 

presented below (Figures 3.2 and 3.3). 

The un-irradiated (‘natural’) aliquot of the grey cement powder exhibited an unanticipated pre-

existing emission (‘signal of formation’) centred at 270 °C/620 nm which remained 

approximately constant for doses up to and including 100 Gy, only increasing significantly for 

an added 1 kGy dose. Lower temperature emissions were absent due to the extended storage 

time between irradiation and TL testing which allowed them to decay to insignificance. 

The white cement sample had the same general behaviour as the grey cement powder except 

the TL counts were an order of magnitude greater except for the 1 kGy dosed aliquot that 

appeared to have a similar sensitivity to the grey cement powder. The reduced signal intensity 

of the grey cement compared to the white cement may be due to the presence of ferrites, absent 

in the white cement; Fe is known as a luminescence quenching element. 
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Figure 3-2. 3D-TL spectra of grey cement with an artificial dose as recorded. 
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Figure 3-3. 3D-TL spectra of white cement with an artificial dose as recorded. 
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3.5 Dose Response 

3.5.1 Risφ OSL/TL Reader 

The conventional TL measurements were made using a Risø OSL/TL DA-20 reader. This is a 

commercially available automated TL luminescence measurement apparatus which enables the 

operator to carry out pre-determined sequences of instructions under programmatic control as 

required. General operations available for use are sample irradiation using an inbuilt 90Sr/90Y 

plaque β source with a dose rate of 0.105 Gy/s, heating of the sample to a pre-set temperature 

(pre-heat function) or between two temperature values (TL testing, generally at a fixed rate of 

temperature change), and measurement of the number of photons emitted from the sample under 

test (TL signal), monitored by an EMI model 9235QB bialkali PMT which produces electronic 

pulses in response to the detection of photons emanating from the sample.  

All TL testing routines are generated in the Sequence Editor, which may be used to control all 

aspects of the test routine including control of the reader functions and the saving and 

formatting of the output data. Unless otherwise noted pre-set values for control variables are 

accepted, whilst those parameters that were set evolved into a set routine that produced standard 

result formatting and processing. All results were saved to a folder named “yyyymmdd” to 

ensure they were easily retrieved, and the data file was exported in a comma separated format 

(CSV) to allow importing into an Excel spreadsheet for processing. 

Each sample had a name attached to the data result, ensuring it could be reliably tracked through 

the subsequent processing steps, and a log file of the entire sequence was generated for each 

routine to confirm, if needed, that the sequence was as required. The input data was sampled at 

a rate of 10 bins/s to provide a higher resolution record of the TL response without placing 

excessive load on data storage and post processing resources. Unless otherwise noted, the 

maximum temperature was set to 400 °C and the heating rate set to 1 °K/s to ensure that any 

high temperature peaks were fully represented in the standard temperature range. Optical filters 

were placed in the path to the PMT window to filter out unwanted TL and incandescence. Red 

TL (~620 nm) was selected with the use of a custom interference filter LPF650/OG550 filter 

pair and blue TL (480 nm) was isolated using a Schott BG39 filter as required. Every TL run 

was followed by another without irradiation to produce the background signal, subtracted from 

the first glow results to cancel the incandescence that reaches prominence at temperatures 

exceeding 300 °C. 

TL testing of samples in this project generally follows a set pattern with variations only to take 

account of specific factors as required. Multiple sample discs were loaded, the chamber lid 

closed, and chamber evacuated to ~6*10-2 Torr (~8 Pa), to remove atmospheric moisture, 
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followed by flooding with dry nitrogen to reduce the risk of spurious TL emissions. All samples 

were processed “one run at a time” or the sequence operations were performed in its entirety 

on each sample in turn. 

3.5.2 Grey Cement TL 

All cement powder samples were loaded into the reader unit, the chamber evacuated, followed 

by flooding with dry nitrogen gas before being the required β dose (0, 10, 100 1,000 Gy) and 

heated from room temperature to 450 °C at a rate of 1 °K/s with no spectrum filtering. 

The results are plotted in Figure 3.4 with the photon counts mass normalised and displayed with 

a logarithmic vertical scale. 

 

Figure 3-4. TL of grey cement, 620 nm emission, single aliquot, 10 bins/s. 

The most interesting and unexpected feature of the TL of this cement sample is the significant 

pre-existing response (natural thermoluminescence – NTL) at ~270 °C, which only increased 

significantly for the added dose of 1 kGy. The minimum detectable dose of the 170 °C peak 

was calculated for the 100 Gy dosed sample, giving 31Gy. Compared to the white cement, 

tested next, the grey cement has sensitivity ~30% lower so no further testing was carried out.  

In contrast, the 100 °C peak appears approximately linear in response from 1 Gy to 100 Gy 

with some saturation effect being detected with the 1 kGy dose, but as this TL peak is short 

lived no pre-existing dose was expected nor detected. The background cancellation was also 

significantly different between the various aliquots indicating that unwanted longwave IR 

emissions, possibly incandescent in origin, were having a significant effect on the results. 
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3.5.3 White Cement TL 

A series of aliquots of white cement mounted on 9.8 mm stainless steel discs was β irradiated 

with added doses 10 Gy, 100 Gy, 1 kGy, 2 kGy, 4 kGy, 8 kGy and 16 kGy and with an un-

dosed aliquot were then heated at 1 K/s to detect the 620 nm red TL emission (Figure 3.1) 

selected using LPF650/OG550 filters. The mass normalised results are plotted in Figure 3.5. 

 

Figure 3-5. White cement 620 nm emission, single aliqot,10 bins/s. 

The first thing to note is the apparently anomalous 125 °C peak for the 300 Gy dosed sample is 

an artefact due to “1 run at a time” not being selected so all irradiations were performed first 

followed by the first glows etc. The result is that the 125 °C peak of the smaller dosed aliquots 

had decayed due to the extended irradiation time of the higher doses, whereas the higher dosed 

aliquots (primarily 300 Gy and to a lesser extent 100 Gy) didn’t have time to decay to 

insignificance before being heated to read the TL signal.  

There are three peaks visible in the response, the dominant peak centred on 240 °C with 

additional lower intensity peaks centred at approximately 170 ° and 325 °C. In all cases there 

is signal growth to ~ 8 kGy followed by apparent saturation of the signal for higher doses. As 

may be seen, the peak temperature of the mid-temperature TL peak, centred at approximately 

240 °C, decreases with increasing dose indicating possible intermediate or second order 

characteristics. At high doses there is a hint of the 270 °C peak seen in the grey cement, but 

which is dominated in this white cement.  
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The natural and N+10 Gy results have a single low intensity peak at 265 °C and 320 °C just 

above the noise floor, which agrees with the temperature observed in the 3D TL plots. 

Peak counts were extracted using the Glow Fit program to synthesise the result glow curve from 

component 1st order TL peaks, hence deriving the true isolated TL peak intensity maximum. 

The minimum detectable dose of the 170 °C peak was calculated for the 100 Gy and 2 kGy 

dosed samples, giving 13 Gy and 14 Gy respectively. 

3.5.4 Glow Fit Operation 

The count maximum for individual TL peaks may be found by progressively removing lower 

temperature peaks to leave the next peak relatively isolated, at least on the lower temperature 

skirt. If, however there is a high temperature peak close by then the peak counts could only be 

estimated. An alternative method uses the Glow Fit program (Puchalska and Bilski, 2006) to 

decompose the glow curve into constituent 1st order TL peaks and, by correct adjustment of the 

peak parameters the sum of the individual peaks will result in a close match with the full glow 

curve obtained by experiment.  

The Glow Fit program reads the experimental data as a ‘.dat’ file consisting of two columns: 

[temperature], [data] with a maximum of 1,000 data records. If the record length of the data file 

exceeds this limit, then groups of records must be summed (aggregated) to reduce the total 

number of records to less than this limit.  

When Glow Fit is first opened, a new report (Excel spreadsheet) is opened to record the results 

as they are generated. A .dat glow curve file is opened (best work from highest doses down if 

possible), check ‘click & draw’ and select the number of peaks to be used to simulate the glow 

curve. Position a simulation peak roughly under each visible TL peak in the glow curve and 

then fit using the ‘fit’ button or adjusting individual peak parameters to have the measured and 

simulated glow curves map over each other as closely as possible. When a good fit has been 

obtained save the data and then continue this process for other glow curves. 

Note that the low temperature skirt of the TL peak is essentially the same for 1st and intermediate 

or 2nd order peaks but is visibly wider for the high temperature skirt. If the 1st order peak matches 

the low temperature skirt of a 2nd order TL peak, then the peak count will be correct, but the 

peak integral will be in error. All the results in this project use the peak count to avoid this error. 

3.5.5 White Cement Dose Response 

The glow curves presented in Figure 3.5 were analysed using the Glow Fit method above and 

the results presented for the 170 °C, 240 °C and 320 °C TL peaks in Figures 3.6, 3.7 and 3.8. 
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Figure 3-6. White cement 170 °C TL peak dose response to β irradiation, 620 nm emission. Single aliquot 
for each data point so error is the measurement error of ±5%. 

  

Figure 3-7. White cement 240 °C TL peak dose response to β irradiation, 620 nm emission.  

Single aliquot for each data point so error is the measurement error of ±5%. 

 

Figure 3-8. White cement 320 °C TL peak dose response to β irradiation, 620 nm emission.  
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Single aliquot for each data point so error is the measurement error of ±5%. 

All three peaks display a similar response with growth to 8 kGy and saturation at 16 kGy. All 

the TL peaks were influenced by the 125 °C TL peak that hadn’t faded for the 300 Gy dosed 

aliquots, giving an anomalously high response by a factor of ~2. 

The 240 °C peak tends to decrease in temperature as the dose increases and noting that the 

calculated form factors for each dose, range over 0.52-0.57, this suggests the peak is second 

order, i.e. that re-trapping is present. For the Natural and doses of 100 Gy or less, the 

temperature of the peak maximum is significantly higher at ~265 °C and with a form factor in 

the range 0.38-0.47 suggests first order kinetics. It appears that this pre-existing signal, possibly 

induced by the clinker grinding process, does not have a significant sensitivity to β radiation 

and by doses exceeding 300 Gy is totally dominated by the 240 °C emission. 

Alternatively, if this higher temperature component does have a significant response to β 

radiation then the main peak may be resolved into two first order TL peaks. Determining which 

of these alternative explanations is correct could be made by thermally cleaning the “240 °C 

peak” and seeing if there is a component remaining at 265 °C, which has a measurable dose 

response to β radiation. 

The lower temperature peak maximum remains constant at 170 °C for doses ranging over           

1-8 kGy and the higher temperature peak maximum remains constant at 325 °C peak for doses 

ranging over 300 Gy-4 kGy, suggesting that these peaks are first order, at least for this dose 

range. Again, thermal cleaning of adjacent lower temperature peaks may help resolve order 

attribution anomalies in these TL peaks with increasing dose. 

3.6 White Cement Kinetics 

A series of identically prepared aliquots, with disc masses in the range 271.6-272.3 mg, sample 

mass in the range 2.0-2.6 mg and total mass varying from 273.9- 274.6 mg were prepared and 

irradiated with a β dose of 300 Gy before being heated at various heating rates (1, 0.5, 0.2, 0.1, 

0.05, 0.02, 0.01 K/s). The individual glow curves are shown in Figure 3.9. 
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Figure 3-9. White cement glow curves for a dose of 300 Gy measured at various heating rates. 

The two dominant peaks, at 125 °C and 240 °C (@1K/s) had the maximum peak temperature 

determined using the Glow Fit deconvolution program.  A low-intensity peak centred on       

~325 °C was also able to be evaluated, although as it was close to the noise floor its results were 

more variable in nature. The peak kinetic parameters (trap depth, E in eV and frequency factor, 

s in sec-1) were calculated using the variation of heating rate method (Hoogenstraaten, 1958) 

by plotting ln(β2/Tm) vs 1/ksTm, plotted in Figures 3.10, 3.11 and 3.12. Note that the results 

were normalised to 1 eV as explained in detail in §5.3.7.  

 

Figure 3-10. White cement 125 °C TL peak kinetic analysis using "variation of heating rate" method. 
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Figure 3-11. White cement 240 °C TL peak kinetics analysis using "variation of heating rate" method. 

 

Figure 3-12. White cement 325 °C TL peak kinetic analysis using "variation of heating rates" method. 

 

The calculated kinetic parameters are recorded in Table 3.2. 

Peak E (eV) s (s-1) τ @20 °C (s) τ @100 °C (s) 

125 °C 0.71±0.03 (5.68±5.00)*10+7  2.28*104   70 

240 °C 1.38±0.12 (8.77±24.4)*10+1 5.69*1011  4.70*106 

325 °C 1.65±0.24 (2.63±12.8)*10+12 1.25*1014 6.40*109 

 

Table 3-2. White cement: calculated kinetics parameters. 
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A detailed account of the derivation of E and s, including the associated errors is given in 

§5.3.7. The error associated with s render calculated lifetimes approximate, that are presented 

as a single value only.  

3.7 Isothermal Fading 

Isothermal fading was investigated by β irradiating pairs of aliquots with 300 Gy and storing at 

room temperature (20 °C) and elevated temperature (100 °C) for various periods (immediate, 

1, 10, 100, 1,000, 10,000 and 67,000 minutes) before glowing out. The results averaged over 

the pair of aliquots are analysed using the Glow Fit program to assign the peak counts for the 

main peaks observed at 125 °C, ~170 °C, ~240 °C and ~325 °C and plotted as a function of 

total effective dose (assuming a pre-existing dose equivalent of 100 Gy for all the peaks 

considered). The results for the 125 °C room temperature response and the 175 °C room 

temperature (RT) and elevated temperature (ET) response are plotted in Figure 3.13 with their 

associated half-life. The 125 °C elevated response eroded too quickly to give a measurable 

result and the 240 °C and 325 °C peaks displayed no fading over the observed time interval 

with both room temperature and elevated temperature storage. 

 

Figure 3-13. Isothermal fading of TL peaks for storage at 20 °C (RT) and 100 °C (ET). Fading response 
error bars are 1 standard error and calculated lifetime error of ±6% (±5% (measurement) and ±3% 
sample variance) is contained within the symbols. 
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From Figure 3.13, the trend equations obtained gave the lifetimes tabulated in Table 3.3 

TL peak (RT=20 °C, ET=100 °C) Trend equation 
(cts/s/mg±1 std error) 

Life-time (calculated) 
(s±6%) 

125 °C peak stored @ 20 °C I(t)=15505e-3E-05t ±3000 3.33*104 

170 °C peak stored @ 20 °C I(t)=1818e-2E-07t±300 5.00*106  

170 °C peak stored @ 100 °C I(t)=1518e-2E-04t±300 5.00*103 

 

Table 3-3. Calculated lifetimes from isothermal fading experiments. 

For the 125 °C TL peak (RT) the signal eroded significantly and the calculated life-time of     

500 s at room temperature agreed closely with the lifetime of 480 s calculated from the kinetics. 

The 170 °C (RT) and 170 °C (ET) peaks also displayed observable erosion of the TL signal in 

the observation period, however as this peak could not be separated in the kinetic analysis there 

is no calculated lifetime available for this peak. All other peaks had negligible erosion of the 

signal and hence are of dubious value in the estimation of the lifetime and are not included in 

these results. The 125 °C and 170 °C peaks displayed an exponential decrease in intensity with 

time both at room temperature and at elevated temperatures, rather than following log(t) 

behaviour, so it is concluded that there was no anomalous fading present. 

3.8 Discussion 

Initial testing using the 3D TL spectrometer found the dominant TL emission was centred on 

620 nm and that there was a significant pre-existing TL response exhibited by the 270 °C TL 

peak. This pre-existing signal has not been reported previously (Gartia et al., 1995) and was 

unexpected because the manufacturing process involves high process heat for a number of hours 

thus draining all TL traps. It also represents an added complication to dosimetric application of 

these TL peaks but no more so than the environmental TL signal in quartz. The minimum 

detectable dose (three times the standard deviation of the no dose signal) of the 170 °C peak 

was calculated to be 7 Gy, which is too insensitive for all but the most extreme situations. 

Nonetheless, the 170 °C TL peak displayed a linear response in the range 1-8 kGy with supra-

linear growth at low doses, discounting an anomalously high response to 300 Gy. Both the     

240 °C and 320 °C TL peak added doses were masked by the pre-existing signal for low doses 

but dominated for doses exceeding 300 Gy. 

During elevated temperature storage (at 100 °C) and room temperature storage (20 °C) both the 

125 °C and 170 °C peaks displayed an exponential loss of signal consistent with thermal erosion 

and confirming that there was no significant anomalous fading. The 240 °C and 325 °C TL 

peaks showed no loss of signal either for room temperature or elevated temperature storage 
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indicating they are stable with no significant thermal erosion.  Gartia et al., (1995) reported 

the presence of the same TL peaks but no pre-existing signal. 

A shortcoming in the conduct of this experiment was underestimating the dominance of the    

125 °C TL peak compared to the 170 °C TL peak. The 125 °C signal in the dose response 

(§3.5.5) and fading (§3.7) glow curves had faded sufficiently either by design (fading) or 

fortuitously due to processing order (dose response) to allow the 170 °C signal to be measured 

free of interference from the 125 °C TL peak. Not so for kinetics, where all aliquots had 

insufficient time for the 125°C peak to fade significantly to allow consideration of the 170 °C 

peak. The foregoing notwithstanding, the determination of the 170 °C peak amplitudes were 

able to be satisfactorily derived using Glow Fit so the experiment was not repeated. 

3.9 Summary 

The results from this chapter show that the un-hydrated cement samples tested gave a 

measurable response to irradiation to saturation at 8 kGy from a red emission centred on       

~620 nm. There was a pre-existing signal at 270 °C comparable to a dose of ~100 Gy which 

made the determination of the 170 °C peak at low doses difficult. The kinetic parameters for 

the accessible TL peaks were calculated and the half-life deriving from the kinetics were 

confirmed with fading tests at 20 °C and 100 °C. These tests also showed no sign of anomalous 

fading and so there is potential for this un-hydrated cement to be used to retrospectively indicate 

a recent irradiation dose. The stability and lifetime of the 170 °C peak make it suitable for short 

term retrospective dosimetry purposes, given the 69-day half-life, however low dose 

measurements are difficult due to the factors considered above.  

Reports of the lack of significant TL emissions in hydrated cement reported (Personal 

Communication – Spooner) (Goksu et al., 2003) informed the decision not to test the reacted 

cement fraction of the concrete any further. 
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4 Chapter 4- Irradiated Concrete Dose measurement 

4.1 Introduction 

From a forensic dosimetry perspective, the requirement is to find a TL signal that can be 

attributed to a man-made source. Here, the presence or absence of an artificial signal (mid-

temperature TL) is enough to indicate the samples have been irradiated recently in some way. 

The original motivation for this project after the U.S. led invasion of Iraq, was the possible 

requirement to investigate facilities to discover if any had been used for activities involving the 

handling and processing of nuclear materials. The Moata concrete core material is an ideal 

analogue of the material that likely would have been taken from underground bunkers, housing 

nuclear activities, for forensic testing. It is especially suited for this task because it was 

artificially irradiated over a forty-year period before being sampled retrospectively for artificial 

dose determination. 

4.2 Moata Concrete Cores 

ANSTO’s purpose in taking these core samples was to determine the extent of neutron activated 

bioshield material (nominally the inner 300 mm of high-density concrete and the inner 300 mm 

layer of normal density concrete of the bioshield material) to allow its separation from the un-

activated material and storage in a properly monitored facility. The un-activated material 

required no special precautions and was sent to general landfill sites. All the bioshield material 

used in this study is un-activated, being outside the zone of neutron activation and has therefore 

a limited exposure to reactor radiation. 

The “natural” TL (NTL) signal measured in the bioshield material comprises several 

components, the first being the geological or environmental signal that is induced by cosmic 

rays and γ, β and α radiation. This results from the decay of radioactive elements in the soil, 

with an equivalent dose rate of ~1 Gy/ka (ka= 1,000 years), that accumulates from the time the 

quartz was deposited. Over this extended period the quartz retains only the higher temperature 

TL signals (greater than ~270 °C), the lower temperature signals being in dynamic equilibrium 

and of no significance. The geological signal may be erased or “bleached” by exposure to the 

sun when the sand is quarried for use in the concrete manufacturing process. However, in the 

quartz from the Moata cores this process was not completed, as evidenced by the presence of 

significant luminescence in the natural signal at high temperature (longer lived) luminescence 

peaks. 

In addition to this geological TL, the second component of the luminescence signal is the 

artificial or reactor dose from the operation of the reactor. It is the energy deposited by neutrons 
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and γ radiation emanating from the inner bioshield material of the reactor core during the 

operational lifetime of the reactor (1961-1995) with possibly a minor contribution afterwards 

from activated component material of the reactor. This signal is evident across all temperatures 

exceeding ~150 °C, the lower temperature TL peaks having faded to insignificance in a matter 

of days. 

4.2.1 Luminescence Options: Single Grain OSL (SG-OSL) 

There are two options available for measuring the reactor dose, one of which is single grain- 

Optically Stimulated Luminescence (SG-OSL) (Jain et al., 2002) (Zacharias et al., 2002). In 

SG-OSL, single grains have their OSL signal read and the minimum dose grains are selected 

(minimum age model) as being those that were most completely bleached and representative of 

only the reactor dose. This relies on the sample having a high proportion of “bright” grains 

capable of recording a measurable signal and, of these bright grains, a proportion must have 

been fully bleached to yield enough minimum signal (bleached) grains to give statistically 

meaningful results. This method has been used to determine a radiation dose in irradiated 

concrete, where there was a 1-2% yield of usable grains requiring approximately 10,000 

measurements be made, which adds significantly to the processing workload. 

4.2.2 Luminescence Options: Mid-temperature TL 

A second option is to derive the signal from intermediate temperature TL peaks (Woda et al., 

2011; Goksu et al., 2003; Campos et al., 2010; Bailiff and Petrov, 1999) where the geological 

signal has decayed to insignificance hence removing it from consideration when measuring the 

reactor dose. This method requires the selected peak be relatively isolated to minimise effects 

from adjacent NTL peaks, which are unwanted, and that it has adequate stability for the project 

timeframe requirements. 

Taking these factors into consideration and conducting some preliminary tests it was decided 

that the most effective and efficient route to a reliable result was to use the 190 °C TL peak and 

measure its intensity using the Glow Fit program, the operation being detailed in §3.5.4. 

4.3 Sample Processing 

For clarity throughout this section “core” refers to the cylinder of concrete extracted from the 

bioshield using a core drilling machine, with the nominal bit diameter of 50 mm or 100 mm. 

During the coring process the cores were broken off in lengths of approximately 500 mm, being 

the depth of the core bit, or the material fractured in places due to variable concrete quality. 

Each of these pieces are referred to as “fragments” and were labelled “A” at the outer surface 

of the bioshield and sequentially to the inner end. If a fragment was sliced across its diameter 
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for use in the testing procedure, then that was called a “segment”. Refer to Appendix 1 for 

details of all cores. 

4.3.1 Collection 

During the assessment phase, prior to demolition of the reactor, cores were drilled at various 

positions and orientations through the concrete bioshield and the reactor floor, with the details 

being recorded in Appendix 1 and Appendix 2. The purpose was to enable the extent of neutron 

activation of the shield material to be ascertained to expedite proper disposal of the bioshield 

material, as previously mentioned. As a result, the positions of the holes aren’t known with any 

certainty, so the concrete attenuation path length from the radiation source (reactor chamber 

surface) to the sample segment location, and hence the derived dose deposition profile, is an 

approximation at best. 

Due to poor concrete quality, some of the cores crumbled in parts and the resulting loss of 

material makes the precise location of some non-contiguous core fragments along the length of 

the core uncertain; this also impacts on the calculation of a dose – depth profile. Core #2, with 

a nominal diameter of 100 mm, and core #5, with a nominal diameter of 50 mm, were selected 

because they were relatively intact, with all the studied segments able to be precisely located 

along the core length. Sample segments were taken at each end of cores #2 and #5 and 

approximately mid-length along the cores as well as extra intermediate positions for evaluation. 

Cores drilled into the reactor floor concrete (subfloor core #4) were also used to determine the 

absorbed energy. 

4.3.2 Preparation 

All coring operations and subsequent storage occurred under normal lighting levels, because 

there were no light level restrictions for the foreseen post collection processing of the cores. 

The parting of individual segments from the main core body was likewise carried out in white 

light where 20 mm sections of core #2 cut from fragments: 

• A (section 0-20 mm of core) 

• C (section 980-1000 mm of core) 

• D (section 1300-1320 mm of core) 

• E (section 1660-1680 mm and section 1980-2000 mm of core).  

40 mm sections of core #5 were cut from fragments: 

• A (section 0-40 mm of core) 

• L (section 1060-1100 mm of core) 
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• N (section 1460-1500 mm of core) 

• O (section 1800-1840 mm of core) 

Additionally, a 20 mm section of sub-floor core #4, section 5, hereafter referred to as the 

‘subfloor’ segment, was selected as potentially closer to the core than any of the other core 

sections. From this point on all processing took place under red laboratory lighting to prevent 

bleaching of the luminescence signal. 

4.3.2.1 Disaggregation 

As covered in §1.3.8 there are several methods reported for concrete disaggregation requiring 

the retrieval of the quartz constituent viz. crush and sieve, crush and dissolve cement with either 

concentrated hydrochloric acid (HCl) or aqua regia (conc HCl plus HNO3 -nitric acid).  The 

first method is useful for a quick response situation where a preliminary indication of radiation 

exposure is required and where a poly mineral response is acceptable. Using an acid bath to 

degrade the cement is desirable to remove the cement because it does not contribute any 

significant signal to the results. Conc. HCl is widely available in various concentrations (usually 

~30%) and is safe to use with normal chemical laboratory precautions to protect against 

exposure to the acid or its fumes. Aqua regia is very hazardous in its preparation, use and 

disposal and the additional risk in its use far outweighed any advantage it may have over HCl, 

so it was not used. 

A previous study (Vieillevigne et al., 2006) indicated that only the first 1 mm of concrete outer 

surface is affected by light exposure, so the outer 1-2 mm of each segment was removed. To 

achieve this, the entire segment was immersed in muriatic acid (concentrated HCl) for 1-2 hours 

to degrade the concrete surface. The segment was removed from the acid, rinsed in water and 

the outer light affected layer was scraped off, dried and stored, with no further processing. The 

cut face of embedded aggregate chips provided a surface reference to gauge the amount of 

material removed, approximately 1-2 mm.  

After the outer layer was removed and the segment dried, it was carefully crushed in a press to 

pulverise the cement whilst avoiding crushing the larger aggregate pieces. Progressively 

removing the largest pieces during multiple crushing cycles maximised the destruction of the 

cement portion whilst avoiding crushing the aggregate and gravel components. All the material 

was placed in a muriatic acid bath at room temperature for ~ 1 day to allow the 

degradation/destruction of the cement component of the material. 

The material was rinsed in water and any remaining pieces of cement scraped from aggregate 

surfaces or otherwise broken into smaller lumps and the process repeated until the remaining 
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material was the cleaned aggregate pieces, gravel and sand. At this point the target sand, whilst 

clear of cement, still had an opaque layer coating a large proportion of the grains. 

The dried material was rough sieved using a mesh size of 1 mm to remove the larger pieces and 

leave the desired sand sized grains and any finer material that survived the digestion process. 

The fine material was then processed to separate the constituent quartz grains from other 

minerals using a heavy liquid density separation method where the mineral grains are immersed 

in a sequence of calibrated density liquid baths to separate the quartz grains from additional 

minerals present. 

4.3.2.2 Density Separation 

Lithium heteropolytungstate, which we refer to by its brand name LST, has a maximum usable 

density @ 20 ℃ of 2.93 g/ml that may be reduced to that desired by dilution with a solvent, in 

this case water. A standard separation sequence uses densities of 2.68 g/ml and 2.63 g/ml to 

isolate quartz, having a density within this range, from other heavier and lighter minerals that 

may be present. 

The sieved material was evenly distributed amongst 2 or 4 centrifuge tubes such that there is 

approximately 1-2 gm of material in each tube. LST, with a density of 2.68 g/cm3, was added 

to each tube to a depth of ~30-40 mm before using an agitator to thoroughly mix the contents. 

The tubes were placed in the centrifuge, which was operated at 3,000 rpm for 3 minutes to 

enable the separation of all the particles in minutes rather than days. Thus, the components were 

density separated, the heavy fraction sinking and the lighter fraction, including quartz, floating. 

After the process was completed the LST containing the heavy fraction was frozen by carefully 

immersing the bottom section of the tube in liquid nitrogen or dry ice (solid carbon dioxide). 

Ensuring all the heavy material is contained in the frozen LST. 

The light fraction contained in the unfrozen LST was poured into a funnel filter and rinsed with 

de-ionised water to wash all the grains from the tube. Further de-ionised water was added to the 

funnel to wash residual LST from the grains and filter paper, with three complete changes being 

necessary to ensure complete removal of residual LST from the grains and filter paper. This 

light fraction was transferred to a clean beaker by poking a hole in the filter paper and washing 

it into the new beaker with a small amount of de-ionised water. Excess water was decanted 

from the beaker before rinsing the grains in methanol and acetone to dewater the grains before 

air drying and storing the grains in preparation for further processing. Once the frozen LST 

thawed, the heavy fraction was similarly rinsed with water, methanol and acetone, dried, 

labelled and archived as it was not needed for this study. 
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The above sequence was repeated for the light fraction of the previous step, which contained 

the desired quartz grains, by using LST adjusted for a density of 2.63 g.cm3. The resulting heavy 

fraction was the desired quartz that was retained for further processing, the light fraction was 

not required, so it was rinsed, dried, labelled and archived. 

4.3.2.3 HF Etching 

The dried, purified quartz grains were then etched using 40% hydrofluoric acid (HF) for             

40 minutes at room temperature to remove the outer 6-8 µm α-irradiated layer and any other 

mineral contamination present. This process also removed the thin opaque film remaining from 

the concrete digestion process. 

The quartz for each sample was dry sieved and the 180- 250 μm fraction retained for TL testing. 

The material mass at the end of each stage (crushing, digestion, density separation and etching) 

is presented in Table 4.1.  

 

Table 4-1. Log of disaggregation product masses for core #2, core #5 and subfloor. 

4.4 Experimental Results 

Quartz from the core segments prepared previously was loaded onto 9.7 mm stainless steel discs 

as detailed in §3.3.1 before reading the segment TL signal spectrum using the 3D TL 

spectrometer: refer to §3.4.1 for operational details. The resultant spectra for core #2 are 

presented in Figure 4.1, core #5 are presented in Figure 4.2 and the subfloor sample in Figure 

4.3; the locations of these segments are shown in Figure 2.3 (core #2) and Figure 2.4 (core #5). 

 

 

 

Sample Name Mass (g)  

  
Initial 
mass 

Outer 
Surface 
Removed 

After 
Crushing 

After HCl 
Treatment 

Density 
Separated 
(quartz) 

HF Etched & 
sieved 
(180-250 µm) 

Core #2 samples             

M10RC02Q-A-000-002 329.0 246.1 232 182.1 7.8 5.3 

M10RC02Q-C-098-100 274.2 245.9 237 186.1 1.3 0.7 

M10RC02Q-D-130-132 235.7 209.2 173.9 170.6 2.5 1.7 

M10RC02Q-E-166-168 244.5 217.1 207.8 163.6 5.4 3.7 

M10RC02Q-E-198-200 271.8 222.4 213.7 173.4 1.0 0.5 

Core #5 samples       
M05IC05Q-A 113.3 90.3 81.6 55.5 1.2 0.7 

M05IC05Q-L-106-110 141.2 133.1 125.5 113.2 0.9 0.4 

M05IC05Q-N-146-150 118.0 108.0 100.3 90 3.5 2.4 

M05IC05Q-O-180-184 116.3 109.1 101.6 92.8 1.5 0.8 

Subfloor core #4       
M10SF04-5 378.4 353.7 343.7 286.6 2.7 1.8 
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4.4.1 3D-TL Spectra: Initial Screening 
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Figure 4-1.3D-TL spectra of core #2 samples showing the geological plus reactor doses. 
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Figure 4-3. 3D-TL spectra of subfloor samples showing the geological plus reactor signals. 

Figure 4-2.3D-TL spectra of core #5 samples showing the geological plus reactor signals. 



67 
 

If the spectra are viewed as a complete set, then the predominant signal is the red TL, centred 

at 620 nm, being present as the geological signal and responding most prominently to the 

irradiation from the reactor operation. Also present, are lower level signals at 480 nm and        

350 nm, predominantly at ~200 °C and ~320 °C. Segments #2A and #5A are outermost of their 

respective cores and expected to have only the pre-existing geological signal with minimal, if 

any, contribution from the reactor operation. Over geological time scales (greater than tens of 

thousands of years) the lower temperature TL (below ~280 °C) has faded to leave the higher 

temperature (predominantly red) emission. Thus, these remaining high temperature TL signals 

must be removed from consideration when deriving the reactor signal from the bioshield inner 

segments. 

For the other segments in each core sequence there is an increasing component apparent at 

lower temperature, centred at ~190 °C, that is due entirely to the radiation dose accrued during 

the operation of the reactor. The 250 °C peak is also significantly enhanced by the  

reactor dose and, to a lesser extent, the 350 °C peak. There appears to be some additional signal 

evident at ~450 nm, especially so for higher doses. Visual inspection reveals that the  

prominence of the 620 nm/190 °C and 270 °C peaks increase as the core segments location 

nears the reactor core, which may be attributed to the operation of the reactor. It is this TL 

emission that will be used to measure the radiation dose due to the reactor operation 

accumulated at this place in the reactor bioshield. 

4.4.2 Reactor Dose measurement 

From the foregoing results it may be expected that all the core segment quartz will have a 

similar response to irradiation, so it is reasonable to propose that the least irradiated sample (in 

this case segment 2A) be irradiated with increasing doses to form the calibration response curve. 

This has two advantages, the first being that there is no prior processing so there will not be any 

sensitivity changes due to heating/bleaching etc. and the second is that the other sample TL 

counts may be plotted, and the equivalent dose read directly off the calibration curve requiring 

much less individual sample material than if the additive dose recovery method is used. This is 

also desirable because this project aims to valid the procedure over as wide a dose range as 

possible so minimising the processing in this way is desirable. 

 All the TL testing in the remainder of this chapter relates to the 620 nm TL emission of quartz 

derived from the Moata bioshield concrete so unless otherwise specified the red-pass pack of 

filters, LPF650/OG550, was used to reject other wavelength TL emissions. 
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4.4.2.1 Loading & Experimental Setup 

For each master calibration curve data point and core sample a series of 4 aliquots was loaded 

on 9.8 mm stainless steel discs (as detailed in §3.3.1) and the TL signal was measured at 1 K/s 

using a Risø TL/OSL DA-20 reader unit. The LPF650/OG550 filter combination was used to 

select only the 620 nm emission and attenuate the 480 nm emission and the high temperature 

incandescence. All aliquots were normalised to remove the inter-aliquot signal variation due to 

differing sample masses and TL sensitivity. 

4.4.2.2 Normalisation 

A widely used normalisation technique is mass normalisation, where the sample mass is directly 

weighed before or after TL testing and the quotient 
𝑇𝐿 𝑐𝑜𝑢𝑛𝑡𝑠 (190 °𝐶)

𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠
  formed to give TL 

counts/mg. This removes the effect of differing sample mass between individual aliquots and 

may result in luminescence signal variance ~±10% for 8 aliquots. Note that it does not fully 

account for signal variance due to differing numbers of significantly bright grains between 

individual aliquots.  

An alternative technique is “zero glow monitoring” (Aitken, 1985), where a small test dose is 

applied to each aliquot and the magnitude of a low temperature TL peak (~110 °C) is used as 

the proxy for the measurement of mass and specific luminescence of the aliquot sample. The 

quotient 
𝑇𝐿 𝑐𝑜𝑢𝑛𝑡𝑠 (190 °𝐶)

𝑇𝐿 𝑐𝑜𝑢𝑛𝑡𝑠 (100 °𝐶)
 for each sample is calculated and acts to remove signal variance due 

to both sample mass and bright grains, and may result in luminescence signal variance ~±3% 

for 8 aliquots.  

ZGM was used in this part of the study to account for significant disc-disc variability. Also, to 

reduce the processing effort required for this step, as well as the calibration curve and dose 

recovery steps, the glow curves for 4 aliquots were averaged after background subtraction. 

Hence it required the use of Glow Fit determination of the 190 °C peak only once per data point 

rather than four times. With the use of ZGM, the intensity is given in arbitrary units (A.U.) that 

are dimensionless. 

The ZGM normalisation procedure is summarised thus: 

• Irradiate the sample with a 1 Gy β dose 

• Heat the sample to 160 °C @ 5 K/s whilst recording the TL (320 bins) 

• Reheat to 50 °C @ 5 K/s recording the TL (100 bins) 

o Calculate the average counts/bin (2 bins/sec)- this is the background count/bin 

• Subtract this background count from 1 Gy dose TL (bin by bin) 

• Average the background subtracted ZGM glow curve across the 4 aliquots  

• Determine the 110 °C TL peak count using Glow Fit. 
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o This is the ZGM normalisation factor 

• Apply the ZGM normalisation factor to the full range glow curve 

4.4.2.3 Plateau Test 

The ‘gold standard” test of a TL peak for dose recovery purposes is the plateau test, used to 

assess the stability of TL peaks present in the sample signal and confirm they are sufficiently 

stable for use. In brief, a natural (NTL) signal is augmented by a laboratory dose (N+β) and the 

ratio NTL/((N+β)) is plotted against temperature. In general, above 300 °C there is minimal 

loss of signal and the ratio is constant i.e. forms a flat “plateau”. Lower temperature peaks will 

have faded naturally and, if still present to some detectable degree, the ratio value will be lower 

than the higher temperature TL peaks. The presence of anomalous fading may be indicated by 

a loss of signal from individual higher temperature peaks, which may lead to the loss of the flat 

plateau, but not in many cases. 

 This study is investigating the accumulation of luminescence signal over the last ~50 years 

superimposed on an older geological signal, which is only present at temperatures over 300 °C 

and so uncorrelated in relative magnitude. If there is no anomalous fading present in the higher 

temperature TL peaks and the lower temperature TL peak is separated from the geological 

signal, the ratio plot will consist of two plateaux: one the result of the lower temperature peak 

and another resulting from the geological signal, probably a different ratio. Unfortunately, for 

the core samples at hand, the 190 °C TL peak (reactor signal) is located on the lower temperature 

skirt of the geological signal so there is no separate plateau present, but a ratio greater than zero 

indicating there is a signal present that is comparable to the test dose.  

 

Figure 4-4. TL plateau test of sample 2E1 for the natural TL and N+60 Gy dose.  
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Figure 4-5. TL Plateau for sample 2A formed from N/N+ β 

Figure 4.4 shows the TL glow curves for sample 2E1 for both the natural (geological + reactor) 

dose and Figure 4.5. shows the ratio N/(N+60 Gy) which is the plateau plot used to locate stable 

TL peaks. For the 190 °C TL peak of interest the ratio is ~0.7 indicating that the 60 Gy dose 

response is of the order of the natural dose. Hence this TL peak is may stable enough for dose 

recovery from the samples of the Moata bioshield. 

It is noted that the plateau test is only a screening test and other observations, such as iso-

thermal fading, should be undertaken to verify the stability of the TL peaks of interest 

particularly to reveal anomalous fading, if present. No fading tests were undertaken in this study 

as no anomalous fading for the 190 °C peak has been reported in the literature and the lifetimes 

for the red TL were taken as reported (Veronese et al., 2004b; Spooner and Questiaux, 

2000a). 

4.4.2.4 Selection of TL Dosimetric Peak 

The 3D TL spectra, Figure 4.1 and Figure 4.2 show strong emissions in the 620 nm emission 

band for TL temperatures exceeding 270 °C and little, if any, detectable signal at lower 

temperatures. Using the lower temperature TL peak for dose determination is feasible in this 

case because the 190 °C peak resulting from the geological dose has long since faded to 

insignificance and there is no necessity to further erode the pre-existing signal and risk the 

possibility of sensitivity changes. The 190 °C emission in the sample 2A was undetectable and 

so was deemed suitable to use to generate a “dose response calibration curve”.  
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Published results (Spooner and Questiaux, 2000b) report that the red 210 °C TL peak has a 

lifetime of 120 years @ 20 °C but, with errors overlapping the blue emission lifetime of            

280 years @ 20 °C (Personal Communication- Spooner), is suitable for short term dose 

accumulation and is sufficiently long lived to measure the relatively recent irradiation event 

associated with the operation of the Moata reactor over the past 50 years. Moata commenced 

operation in 1961, with little activity until 1971 after which most of the TL signal was deposited 

over a 20-year period. There is potential for significant thermal erosion at elevated temperature 

(Göksu et al., 2001) who found an order of magnitude decrease for samples exposed to 40 °C 

heat for part of the year.  

Unless the 210 °C peak is very sensitive in comparison with the higher temperature peaks, its 

apparent peak count and temperature value will be modified by the adjacent 250 °C peak 

emission. Techniques such as thermal cleaning, where a lower temperature peak is eroded with 

heating, to a close but lower temperature and leaving higher temperature peaks unaffected, is 

not suitable because it is the lower temperature peak that we require. 

 

‘Glow Fit’ is used in this study to decompose the glow curve into its component TL glow curves 

and extract the 190 °C TL peak. Once a satisfactory result has been achieved the fit data saved 

and the peak counts for the 190 °C TL peak is used to plot the master curve. A more detailed 

account covering the use of Glow Fit is contained in §3.5.4 Glow Fit operation. 

4.4.2.5 Master Calibration Curve 

The master calibration curve (MCC) was generated by irradiating groups of 4 aliquots of quartz, 

using a sample with no pre-existing signal at 190 °C (2A), with a β dose of 1, 3, 10, 30, 100, 

300 Gy, 1, 2, 4 or 8 kGy followed by TL heating to 400 °C @ 1 K/s with a reheat for background 

subtraction. The glow curves for each group of 4 were averaged, followed by determining the 

190 °C TL peak counts using Glow Fit as detailed in §3.5.4. ZGM normalisation was applied 

to the peak counts and recorded in Table 4.2 and a plot with a line of best fit for the resultant 

data points is presented in Figure 4.6. The total error of the TL counts of ±15% was not applied 

to the individual data points, rather the standard error for the calibration curve (a measure of 

the deviation of the individual data points from the line of best it) was used. 

 

The normalisation factors applied to each data point is of the order of 100 so the peak counts 

presented here are lower than the unprocessed results by this factor. Also note that the counts 

are per data bin (0.5 seconds wide) for the TL peak simulation in Glow Fit. 

 

 



72 
 

Master curve (sample 2A) 

Dose (Gy) TL counts (AU) ±15% 

1 0.00 

3 0.09 

10 1.06 

30 5.71 

100 16.5 

300 54.7 

1000 97.1 

2000 238.5 

4000 471.4 

8000 596.3 

 

Table 4-2. Master Calibration Curve dose and 190 C TL peak summed counts (AU). 

 

 
Figure 4-6. Master Calibration Curve for dose response of sample 2A. The TL count error of ±70 counts 
for 4 aliquots is the standard error. The dose error is ±5%. 

   

4.4.2.6 TL Testing 

Each of the core samples were loaded on to a series of 4 identically prepared discs (§3.3.1) to 

measure the mean of the TL signal to 400 °C at each data point, followed by ZGM normalisation 

dose with reheating for background subtraction. The un-normalised glow curves for each 

sample, averaged over the 4 aliquots, are presented in Figure 4.7 (Core #2 glow curves),     

Figure 4.8 (Core #5 glow curves), Figure 4.9 (subfloor). 
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Figure 4-7. TL emissions of core #2 segments: 620 nm emissions. TL counts are given as photon 
counts/data bin (10 bins/s) for the average of 4 aliquots. No mass normalisation is applied here. 

Referring to Figure 4.7, the geological signal in the range 240-400 °C dominates the TL glow 

curves for all samples and increases in magnitude for segments 2C-2D-2E1-2E2 with the 

increasing reactor dose. However, the geological signal of segment 2A, with no measurable 

reactor signal at 190 °C, is higher than for sample 2C that has a significant reactor signal. The 

quartz for sample 2A was taken from the exterior bioshield layer (a cement render) which had 

a finer, more consistent grain distribution, so it is possible it was sourced from a different sand 

deposit. It comprised the entire segment material yielding significantly more quartz than 

segment 5A, hence its use in the calibration curve generation. 

 The 190 °C region of all the glow curves displayed a measurable reactor signal that appears to 

corelate with the sample position in relation to the reactor core. 

 

The results for the core #5 (Figure 4.8) and floor sample (Figure 4.9) also display a response 

corelating with their position in relation to the reactor core. 
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Figure 4-8. TL emissions of core #5 segments: 620 emissions. TL counts are given as photon counts/data 
bin (10 bins/s) for the average of 4 aliquots. No mass normalisation is applied here. 

 

 

Figure 4-9. TL emissions of subfloor segment: 620 nm emissions. TL counts are given as photon 
counts/data bin (10 bins/s) for the average of 4 aliquots. No mass normalisation is applied here. 

 

4.4.2.7 Dose Match 

The averaged, normalised TL counts for the 190 °C peak obtained for each sample were plotted 

on the master calibration curve and the reactor dose read off in each case. The response at these 

dose levels is linear and so the assigned dose error will also be that of the master curve (±15%) 

combined with the error in TL counts (±15%) giving a dose error of ±21%. 
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Sample 
Path length 
(mm)±15% 

Dose (Gy) 
±21% 

2A 2880 1 

2C 1980 17 

2D 1730 41 

2E1 1530 65 

2E2 1330 185 

subfloor 900 195 

5A 2780 1 

5L 1800 30 

5N 1500 85 

5O 1280 115 

 

Table 4-3. Core sample absorbed equivalent dose and effective path length. 

Each segment dose and TL count are tabulated in Table 4.3, including the effective concrete 

attenuation path length as estimated in § 2.3.3 (core #2), §2.3.4 (core #5) and §2.3.5 (subfloor). 

In all cases as the path length increases the dose measured in the sample decreases, consistent 

with reduction of transmitted neutron and γ ray flux expected by attenuation in the bioshield 

concrete. Note that account for build-up has not been taken here because we are measuring the 

actual deposited dose, not an idealised dose. 

4.4.2.8 TL Dose-Depth Profile 

The attenuation of radiation through a medium (shield) may be represented by a decreasing 

exponential with the form 

   I(x) = I(0) e-x/λ         Equation 4-1 

where I(0) and I(x) and are the radiation flux of respectively before and after the attenuating 

medium, x is the thickness of the shield and λ is the mean free path of the radiation in the shield 

material. 

Note that λ accounts for build-up of dose through the shield unlike the linear attenuation 

coefficient, µ, which related the attenuation of the shield to the un-collided flux. 

The deposited dose measured for each sample is plotted as a function of attenuation path length 

in Figure 4.10 where they both conform to a decreasing exponential behaviour as initially 

assumed. They also closely overlay each other lending confidence that both the dose 

measurements and the geometry of the sample positions are consistent and valid. It also 

confirms that the inner samples of core #2 and core #5 were not subjected to significant thermal 

erosion because they lay on the line of best fit formed by the sample in the centre of the 

bioshield. 
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Figure 4-10. TL dose-depth profile of the TL response in the Moata reactor bioshield cores. 

TL counts as a function of the effective attenuation path length through low-density concrete. Path 
length errors are ±15% with the dose errors of ±21% contained within the symbols. 

 

4.4.3 High Dose Extension  

The dose magnitude detected in the Moata cores were contained well within the linear part of 

the master calibration curve, attaining a maximum value of 195 Gy. Quartz is known to exhibit 

significant sensitization to doses in the kGy region for 480 nm wavelength emissions 

(Ichikawa, 1968; Chawla et al., 1998; Durrani et al., 1977b; Sawakuchi and Okuno, 2004), 

hence there is the possibility of using this observation to reveal past exposure to high doses of 

radiation due to man-made nuclear activity.  However, there are few studies published on the 

high dose characteristics of the 620 nm emission, which are the predominant emission in this 

sample quartz and may be characteristic of quartz from a volcanic origin (Hashimoto et al., 

1987) . To this end a further series of aliquots were given β doses of 1, 2, 4, 8 or 16 kGy and 

the spectra investigated using the 3D TL spectrometer. The results are shown in Figure 4.11. 

The 620 nm emission, most prominent at lower doses remained so up to 2 kGy with the 225 °C 

and 350 °C peaks being present and exhibiting a degree of supra-linearity, with a 4-fold signal 

increase for a doubling of the dose. For doses of 4 and 8 kGy the 380 °C peak appears to move 

out of range above 400 °C whilst the 225 °C peak remains dominant, although 

appearing to saturate at 4 kGy followed by a decline in intensity for higher doses. A 315 °C 

peak, of equal intensity to the 225 °C peak becomes apparent, for the only time in this test 

series, at a dose of 8 kGy. 
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A 16 kGy dose resulted in a reduction in intensity of all emissions to a level between that of the 

1 and 2 kGy dosed aliquots and, overshadowing by the 620 nm/350 °C peak which 

reappears at a level comparable to its maximum intensity between the 1 and 2 kGy doses. The 

480 nm emission by contrast is dominated by the 225 °C peak, that appears to have supralinear 

growth to 8 kGy before decreasing in intensity at the 16 kGy dose. The 350 °C TL has some 

presence at doses of 1-2 kGy but is dominated by the 225 °C peak until the 16 kGy dose where 

it dominates the spectrum with the 620 nm/350 °C peak. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-11. 3D-TL spectra of core #2A with an added dose as recorded. 

      1 kGy              2 kGy 

     16 kGy 
  

     4 kGy                 8 kGy 
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4.4.3.1 Results 

The TL spectrum of the sample quartz was measured and found the 620 nm (red) quartz 

emissions are dominant up to ~2 kGy and found to have a linear response to ~1 kGy. Also, 

kinetic tests (Spooner and Questiaux, 2000a) confirmed the stability of the dominant TL peaks 

indicating the suitability of the sample quartz for dose measurements in that range. The Glow 

Fit program was used to derive the TL peak counts for the Master Calibration Curve and the 

segment samples, hence showing the mid-temperature TL peak can be used for radiation dose 

measurement in the presence of a pre-existing geological dose in this material. 

 

The high dose extension to the initial dose response characterisation shows that the red TL 

saturates as the blue TL begins to sensitise and dominate the TL response at high doses. This 

suggests that for doses exceeding ~1 kGy the performance of the blue TL should be evaluated 

to extend the range of doses able to be accommodated in the retrospective response to an 

irradiation event. 

4.5 Summary 

Doses in the linear response region of quartz of volcanic origin (red TL dominated) have been 

measured from samples derived from the concrete bioshield of the Moata reactor. The dose 

trend with distance from the reactor core, hence changing attenuation of the radiation, was 

found to be consistent between the two cores sampled. When this trend was extrapolated to the 

surface, it coincided with the minimum detectable dose, ~1 Gy, of sample 2A hence lending 

credibility of the relationship between samples and shows that none of the samples suffered 

thermal erosion. The technique demonstrated here could be used to test for samples that have 

suffered thermal erosion as their dose would not be expected to lie on the trend line.  
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5 Chapter 5- High Dose 480 nm TL Emission from Quartz 

5.1 Introduction 

Nuclear accidents or the operation of nuclear facilities can result in natural TL (NTL) with 

characteristics that reveal artificial irradiation exposure. In this chapter the presence of high 

dose markers in, and the potential use of, quartz TL for forensic and retrospective measurements 

of doses up to and exceeding 8 kGy is investigated using a sedimentary quartz with well-

behaved blue TL characteristics. This follows on from and complements the studies reported in 

Chapter 4, in which the 620 nm emission, mid-temperature TL peaks were found to be effective 

markers for artificial doses less than 300 Gy. 

In the previous chapter the sedimentary quartz isolated from the Moata reactor bioshield had 

predominantly ‘red’ TL emissions for radiation doses to ~300 Gy. However, for doses above 

~1 kGy, the blue 480 nm TL began to dominate, so it was decided that quartz with 

predominantly ‘blue’ TL emissions would be preferable when investigating the high dose 

characteristics of quartz. As will be seen later in this study, the response of the 480 nm TL 

reported by others is characteristically predictable for doses up to 300 Gy before sensitisation 

to high doses dominates the TL emission (Durrani et al., 1977b; Sawakuchi and Okuno, 

2004; Chawla et al., 1998; David et al., 1978). 

5.2 Sample Collection & Preparation 

This sample material was collected and processed (Hutton et al., 1984) and was derived from 

sand collected at a depth of 1 metre from the lunette bordering the western side of Lake Woods, 

located at 17°37.169’ S, 133°02.889’ E in the Northern Territory, Australia. The unprocessed 

sample was carbonate free and red in colour due to an iron oxide coating, with a moisture 

content in the range of 0.02-0.007g/g. Particles <20 µm were removed using dispersion with 

NaOH solution and decantation following digestion in 25 % HCl, and the remaining material 

sieved for the 90-125 µm fraction. The para- and diamagnetic material fraction was removed 

by magnetic separation using a Franz magnetic separator. The remaining material was etched 

for 40 minutes @ 20 °C with 40% HF to remove the outer 6-8 µm layer of the quartz grains 

and remove the remaining non-quartz minerals. All measurements in this study started with this 

unbleached sedimentary quartz which had a natural dose of 16.9 Gy. 

For all but the kinetic measurements the quartz grains were loaded into 12 mm diameter 

stainless steel cups (Risø National Laboratories), prepared by having the central 7 mm portion 

masked and sprayed using silicon oil to ensure there was no loss of grains. The aliquots 

comprised monolayers with mass ~8-10 mg and the results were subsequently mass normalised. 

For the kinetics measurements 9.7 mm stainless-steel discs were loaded as detailed in §3.3.1 
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5.3 Results 

5.3.1 3D-TL Spectra 

To commence the high dose characterisation of the Lake Woods quartz sample, a survey of 

significant TL emissions over the anticipated dose range was undertaken using the 3D TL 

spectrometer. For a detailed account of the operation of the 3D TL spectrometer refer to §3.4.1 

or (Prescott et al, 1988). The processed data is plotted to display all emissions in the band    

740-250 nm with the intensity ranging over two orders of magnitude, with contours referenced 

to the maximum obtained signal intensity. So, for the plots in this study, with 20 contours, an 

emission with an intensity of less than 5% of the peak value will not be plotted. 

 

Aliquots of quartz were irradiated (refer to §3.3.2) with doses ranging from 8 Gy-16 kGy in 

addition to the natural dose (16.9 Gy). The sample is not bleached or processed in any other 

way to mimic the accident irradiation process and ensure that the results are valid for 

retrospective dosimetry purposes, where the sample is tested “as found”. TL data collection 

commenced at 50 °C and extended at a heating rate of 1 K/s to a maximum of 400 °C, where 

incandescence began to dominate the emission spectrum. The results are illustrated in Figure 

5.1 which shows the TL emission as a function of temperature and wavelength/energy with the 

background incandescence subtracted leaving only the TL signal of interest. An operational 

note: high intensity peaks that appear to lie just beyond the high temperature limit of the 

measurement range are usually spectrum processing artefacts, which disappear if the 

temperature scan range is extended to include them, so data for temperatures 380-400 °C was 

set to zero before plotting to remove these spurious signals and render a truer relative measure 

of the emission intensities. 

 

For doses up to ~500 Gy the predominant emission is centred on 620 nm, with the peak at       

370 °C most prominent. There are other emissions at ~580 nm, 480 nm and 380 nm, which are 

variable in their presence at these doses. At doses of ~1 kGy the emissions at 480 nm and 

380 nm become significant and beyond 1 kGy, the blue emission at 480 nm is dominant at       

210 °C, significantly sensitising for doses to 8 kGy. The higher temperature 480 nm emission, 

prominent at 315-350 °C also sensitises by much the same degree only coming to exceed the 

210 °C peak at a dose of 16 kGy. The 380 nm 210 °C peak in contrast does not sensitise 

significantly and so fades to insignificance by the 16 kGy applied dose. Durrani et al. (1977b) 

noted the 350 °C peak appeared to comprise two closely located centres, but was were unable 

to effectively separate them in subsequent analysis. Martini et al., (2012) reported that the 

“blue” TL emission from a ground quartz crystal was composed of two components, one at   
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2.53 eV (480 nm) and another at 2.80 eV (440 nm). However, the 350 °C emission characteristic 

was dominated by that at 350 °C/480 nm with no other closely related emissions observed in 

this study. 

 

When later viewing the TL emission glow curves the 350 °C peak presented as a single emission 

peak with a lower intensity peak at ~ 315 °C on its lower temperature shoulder. This peak is an 

order of magnitude lower than the 350 °C peak and so not visible on the 3D TL plot but was 

separated sufficiently to be visible on the TL glow curve. In the following studies the                

315-350 °C TL region is decomposed into two peaks that we designate as ‘315 °C’ and            

‘350 °C’ with no further differentiation feasible. 
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Figure 5-1. 3D-TL emission low β dose response of the Lake Woods quartz sample. 

                   N+8 Gy               N+16 Gy 

                  N+32 Gy               N+64 Gy 

                 N+128 Gy               N+256 Gy 
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5.3.2 First Glow Dose Response 

A series of sets of four aliquots with added β doses ranging from 1 Gy to 64 kGy was measured 

in the Risø OSL/TL DA-20 reader. General operational details are presented in §3.5.1. This 

                   N+500 Gy               N+1 kGy 

                  N+2 kGy               N+4 kGy 

                 N+8 kGy               N+16 kGy 

Figure 5-2. 3D-TL spectra high β dose response of the Lake Woods quartz sample. 
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was the first heating of the aliquots and is conventionally called the ‘first glow’. The 3D TL 

spectrometer results presented in Figures 5.1 and 5.2 showed an emission of interest centred on 

480 nm, so a 3 mm thick BG39 Schott glass filter with a bandpass of 420-560 nm was used to 

suppress other minor emission components. An ND4 neutral density filter was used to reduce 

the TL emission intensity by 75% if PMT saturation was judged to be likely, with the TL counts 

adjusted in subsequent processing to account for the attenuation of the signal. A heating rate of 

1 K/s was used throughout these experiments. The individual aliquots were mass normalised 

and the results for each set were averaged over the four measurements.   

 

Figure 5-3 TL glow curves high β dose response of Lake Woods quartz. TL counts are photons/bin/mg 
scaled with respect to 500 Gy dosed aliquots. Results for each dose point are averaged over 4 aliquots.  

The glow curves are presented in Figure 5.3, where it is observed that in addition to the 

dominant peaks at 210 °C and 350 °C there are other smaller peaks at intermediate temperatures 

(~135 °C and ~315 °C). The peak at ~315 °C is dominated by the 350 °C peak for large doses 

and so cannot be assigned an intensity that is independent of the larger adjacent peak; similarly, 

the 135 °C peak is dominated by the 210 °C peak and is not considered for this reason. The 

averaged glow curve for each set of aliquots was disaggregated to assign independent maximum 

count values for each of the 210 °C, 315 °C and 350 °C peaks. The disaggregation of peaks was 

done using the Glow Fit program (Puchalska and Bilski, 2006) that assumes the peaks are first 

order and where the peak parameters (temperature of maximum, maximum counts and width 

of peak) are optimised to fit the observed glow curve. A more detailed account of this process 

is given in §3.5.4.  
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First order and second order TL peaks differ mainly in that the high temperature skirt falls more 

rapidly for first order compared to second order. When fitting a first order peak and there is the 

suspicion that the experimental peak is of intermediate or second order behaviour the fit should 

be to the low temperature skirt and peak counts used  because the low temperature skirt is 

virtually the same for both first and second order peaks (Figure 3.1 McKeever, 1988).  

The 350 °C TL peak has been described as intermediate order by Hornyak et al., (1992) using 

the peak shape method, so the assumption of first order may not be valid. However, (Singh et 

al., 2012) also using the peak shape method determined all TL peaks they studied were first 

order so, given there is uncertainty of the order of this peak, and that account can be taken of 

suspected second order kinetics it was judged that assuming first order would have minimal 

effect on the peak position and peak counts reported here.   

The peak counts are plotted in Figure 5.4 with the horizontal scale plotting the ‘effective’ dose 

for each peak, this being the N+β dose for the 315 °C and 350 °C peaks and the β dose for the 

210 °C peak, where the N signal has decayed over the geological time scale. The mass 

normalised, averaged counts for each set of aliquots were plotted on the vertical scale. Note the 

logarithmic scale for both axes. 
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Figure 5-4 TL counts as a function of effective β dose averaged over 4 aliquots. TL counts 
are photons/bin/mg scaled with respect to 500 Gy dosed aliquots. Results for each dose 
point are averaged over 4 aliquots. TL count error of ±15%, comprising sample variance 
of ±14% and measurement error of ±5%, are contained within the symbols. 
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The 210 °C peak initially shows steady linear growth from the added dose, noting that the 

natural (geological) signal was negligible due to its relatively low thermal stability when 

compared to the higher temperature peaks.  It then shows abrupt sensitisation, with a supra-

linear increase of two orders of magnitude for doses increasing from 300 Gy to 4 kGy. It 

saturates at around 8 kGy and then decreases abruptly for doses exceeding 16 kGy. The 350 °C 

peak also grows steadily for doses of several hundred Gy where there is evidence of saturation 

followed by sensitisation and supra-linear growth beyond 1 kGy. It peaks at about 10 kGy and 

then follows the 210 °C peak into rapid decline beyond 16 kGy. The 315 °C peak follows the 

characteristics of the 350 °C peak but is obscured at doses exceeding 500 Gy. 

The cause of the TL sensitisation is not addressed in this study except to note that the 210 °C 

and 350 °C TL peaks appear to sensitise at the same dose and by approximately the same degree, 

suggesting a possible link to the 480 nm luminescence centre. The significant fact that both the 

TL peaks decline together for doses exceeding 16 kGy dose suggests depletion of the 480 nm 

luminescence centres. In the following section, a difference in the persistence of this 

sensitisation between the two peaks is reported for the first time.  

5.3.3 Re-dose 3D-TL Spectra 

These results were extended by irradiating and heating the sample a further three times to 

observe any changes in the TL spectrum due to repeated irradiate/heat cycles. The most 

unambiguous results were obtained for aliquots with initial doses of 4, 8 and 16 kGy and 

followed for all second and subsequent cycles with 100 Gy doses. Typical spectra, in this case 

the 4 kGy dosed aliquot, are presented in figure 5.5. for the four irradiate/heat cycles. 
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These spectra indicate that the 480 nm emission at 350 °C retains its enhanced dose sensitivity 

over multiple irradiate/heat cycles. In contrast, the 210 °C peak only retains minor emission 

sensitivity compared to the 350 °C peak and effectively “disappears” due to apparent 

desensitisation by the initial measurement. 

The peak counts for the 350 °C peak for the four irradiate/heat cycles are presented in Table 

5.1 for the 4, 8 and 16 kGy initial dosed aliquots. 

 

 

 

       First Glow- 4 kGy β dose           Second glow- 100 Gy β dose. 

       Third Glow- 4 kGy β dose                            Fourth glow- 100 Gy β dose. 

Figure 5-5. TL spectra for four irradiate/heat cycles for an initial β dose of 4 kGy followed 
by test does of 100 Gy for subsequent cycles. 



88 
 

 350 °C peak counts ±5% 

Cycle # 4,000/100/100/100 Gy 8,000/100/100/100 Gy 16,000/100/100/100 Gy 

1 67 k 80 k 95 k 

2 56 k 49 k 55 k 

3 34 k 28 k 30 k 

4 54 k 51 k 69 k 
 

Table 5-1. Peak counts for the 350 °C TL peak over multiple irradiate/heat cycles for aliquots irradiated 
with either 4,8 or 16 kGy followed by further doses of 100 Gy in all cases. These results are not mass 
normalised and the measurement error is 5% for the single aliquot 

The results presented in Table 5.1 show that for increasing high doses the first glow peak count 

increases in concert. However, for subsequent doses of 100 Gy the response decreases between 

the 2nd and 3rd cycles and increases for the 4th cycle for each of the individual aliquots. It should 

be emphasised that the results from these spectra are indicative and should be repeated for 

multiple aliquots using conventional TL techniques to remove inter-aliquot variance. 

5.3.4 Second Glow Response to a 100 Gy Test Dose 

 

The TL sensitivity of a material may be defined as the “counts per unit of absorbed radiation”, 

as measured by the apparatus however, for aliquots treated identically, the peak counts may be 

compared directly. A sensitivity change for a series of mass normalised aliquots or repeated 

dose/measurement cycles on a single aliquot is manifest as a changed count obtained for an 

identical absorbed test dose. This experiment investigates any change in TL sensitivity of the 

sample material, which can be ascribed to a prior dose of β radiation, followed by a heating 

cycle, as previously reported by (David et al., 1978) for γ-ray irradiation of quartz. 

The persistence of the first glow TL response in subsequent test cycles was investigated by 

applying a 100 Gy test dose after the first glow and measuring the TL under identical conditions 

(the ‘second glow’ measurement).  This test dose shows if the prior exposure to high dose has 

caused an enduring increase in TL sensitivity, i.e. pre-exposure sensitisation  (David et al., 

1978) 

The results are plotted in Figure 5.6. 
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Figure 5-6. TL sensitivity after an initial β dose of up to 64 kGy. Results for each dose point have an error 
of ±15%, comprising sample variance of ±14% and measurement error of ±5%. Dose uncertainty of ±5% 
is contained within the symbols. 

For aliquots given an initial dose of up to approximately 300 Gy the test dose gave a constant 

value, normalised to the minimum added dose count, for all TL peaks. However, above that 

level the 350 °C TL peak was sensitised by almost two orders of magnitude (between 300 Gy 

and 8 kGy) before remaining constant to the maximum dose of 64 kGy. The 210 °C TL peak 

was enhanced slightly at higher doses, but by much less than the 350 °C TL peak.  The 315 °C 

peak sensitivity was not enhanced by the previous dose within the limits able to be measured, 

due to the dominance of the adjacent 350 °C TL peak. 

 

 These differences in enduring sensitivity change imply that different sensitisation mechanisms 

are at play for the 210 °C and 350 °C TL peaks. 

 

5.3.5 The effect of annealing on dose sensitisation. 

The results above were further extended by investigating the effect of prolonged heating at    

400 °C (rather than the previous quick heat to temperature during the TL measurements).  

An aliquot of quartz was given a 4 kGy β dose and glowed out (1st glow) followed by a 100 Gy 

test dose and glowed out (2nd glow). This was followed by heating to 400 °C for 1 hour 

(annealing) before repeating the irradiate/glow process for doses of 100 Gy (3rd glow), 4 kGy 

(4th glow), 100 Gy (5th glow) and concluding with a reheat for background measurement and 

subtraction. Results are shown in Figure 5.7. 
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Figure 5-7. TL glow curves measured before and after annealing at 400 °C. Test regime: 1st glow after 
4 kGy, 2nd glow after 100 Gy, anneal 1 hour @ 400 °C, 3rd glow after 100 Gy, 4th glow after 4 kGy, 5th 
glow after 100 Gy, reheat. 

These results show that the 350 °C TL peak sensitisation to dose has remained despite the 

annealing. The 4th glow peak count corresponds to within 5% of the value expected for a single 

dose of 8 kGy, showing that the annealing has not interrupted the progression of the 

sensitisation. The drop in the 350 °C test peak between 2nd and 3rd glows is consistent with 

measurements by Chawla et al., (1998) who found a loss of 25% total sensitivity after ~3 days 

of heating at 200 °C.  

Figure 5.7 also shows that the 210 °C TL peak sensitisation has been lost after the 1st glow 

(although it returns once the sample is again given a high dose).  

 The ‘80 °C’ TL peak (commonly appearing at 100 °C when higher heating rates are applied) 

is roughly consistent throughout, noting that it may have faded more significantly during the 

long irradiation times for the 1st and 4th glow. 

5.3.6 A high dose screening test 

A consequence of the difference in longevity of sensitisation changes observed in the 210 °C 

and 350 °C blue TL peaks suggests a method for quickly determining if a large irradiation 

dose has been absorbed by the sample quartz. 

The first glow TL response is first obtained as the natural dose and then the aliquots are re-

irradiated with the 100 Gy test dose and the TL read out again, followed by a reheat to allow 

the background to be subtracted from the result. The TL peak amplitude for the 210 °C and 

350 °C peaks for the first glow results and the re-dose results are determined, either by 

0.E+00

2.E+05

4.E+05

6.E+05

8.E+05

1.E+06

1.E+06

1.E+06

2.E+06

0 50 100 150 200 250 300 350 400

T
L

 c
o

u
n

ts
 (

p
h

o
to

n
 c

o
u

n
ts

/b
in

)

Temperature (°C)

1st glow - 4 kGy 2nd glow - 100 Gy 3rd glow- 100 Gy

4th glow - 4 kGy 5th glow - 100 Gy



91 
 

inspection, if the peaks are relatively separate, or using Glow Fit §3.5.4 if there are other 

adjacent peaks that influence the result. 

The criterion for detecting a high dose is the significant reduction of the 210 °C peak amplitude 

compared to the 350 °C peak when measured in the re-dose step. This uses the observation that 

the high dose sensitisation is lost for the 210 °C peak after the first TL cycle but is retained for 

the 350 °C peak. For doses up to ~300 Gy both peaks were linear in dose response although not 

necessarily the same amplitude so the quotient, Qn = 
350 °𝐶 𝑝𝑒𝑎𝑘 (1𝑠𝑡 𝑔𝑙𝑜𝑤)

210 °𝐶 𝑝𝑒𝑎𝑘 (1𝑠𝑡 𝑔𝑙𝑜𝑤)
 ,where both are the 

sensitised TL, may be used as the normalisation factor to be applied to the redose results. 

The re-dose quotient, Qr = 
350 °𝐶 𝑝𝑒𝑎𝑘 (𝑟𝑒−𝑑𝑜𝑠𝑒)

210 °𝐶 𝑝𝑒𝑎𝑘 (𝑟𝑒−𝑑𝑜𝑠𝑒)
  , is formed and the normalisation factor (Qn)  is 

used to scale the results to account for differing amplitudes of the unsensitised peaks. 

The high dose sensitisation factor, HDSf = Qr /Qn, is then compared to the threshold, assume a 

value of 5 and if KDSf > threshold then the concrete had absorbed a high dose in the kGy range. 

 Applying this method, with a threshold value of 5 gives the results in Table 5.2. 

 

 

Note that Qn is manually set to 2.6 for doses, 0.1-30 Gy, approximately that of the 100 Gy added 

dose aliquot, because the 350 °C peak has a pre-existing dose of ~17 Gy and assuming linearity 

at low doses the Qn would be constant. This is a normalisation factor and, in this case, does not 

Dose (Gy) 1st Glow counts 
1st Glow 
Quotient Re-dose counts 

Redose 
Quotient 

Threshold 
Ratio 

  210 °C 350 °C Qn 210 °C 350 °C Qr (Qr/Qn=5) 

0.1 1 5312 2.6 10337 12781 0.476 Low Dose 

1 183.1 5561 2.6 7656 12713 0.639 Low Dose 

3 403.6 5729 2.6 8248 13245 0.618 Low Dose 

10 1202 7651 2.6 8673 13572 0.602 Low Dose 

30 3147 12341 2.6 10277 15412 0.577 Low Dose 

100 7407 19447 2.63 10415 13998 0.512 Low Dose 

300 16648 29573 1.78 9488 13662 0.811 Low Dose 

500 41207 41571 1.01 10621 17812 1.66 Low Dose 

1000 177698 91224 0.513 13345 63180 9.22 High dose 

2000 551682 293134 0.531 15814 227924 27.12 High dose 

4000 1271958 868918 0.683 19494 542242 40.72 High dose 

8000 1628106 1441533 0.885 22278 1067974 54.14 High dose 

16000 1302485 1578264 1.21 19448 762632 32.36 High dose 

32000 30608 88470 2.89 18067 952344 18.24 High dose 

64000 15013 76969 5.13 14416 848127 11.48 High dose 

Table 5-2. High dose screening results of Lake Woods quartz using the relative change in intensity of 
the 210 C and 350 C TL peaks for the re-dose response and 1st glow response. 
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affect the result. Modification of Qn (above) and selection of the threshold may vary the dose at 

which the change from low to high dose is made but doesn’t change the result that high dose 

sensitivity change in this sample has been detected.  

5.3.7 Kinetics analysis of the sensitised 480 nm TL emissions of quartz. 

The kinetic parameters for the high dose sensitised 480 nm TL emission were investigated using 

the variation of heating rates (Hoogenstraaten, 1958) method. This method enables 

measurement of the activation energy (trap depth- eV) and the frequency factor (sec-1), by 

observing the change in temperature position of the TL peak maximum under consideration, as 

it is affected by the change in heating rate.  

The thermal stability of TL from a trap depends on the trap depth E (eV) and the frequency 

factor, s (sec-1), which is effectively the number of attempts to escape per second, by starting 

with the probability of escape  

λ=s*exp (-E/ ks T)      Equation 5-1. 

 where T= temperature (K), k=1.3806*10-23 J/K (Boltzmann’s constant) =>, ks=k/e= 8.618*10-

5 K-1 (k normalised to 1 electron volt) where 1 eV=1.609*10-19 J 

 and rate of change in the number of trapped charges is given by 

-dn/dt=λn       Equation 5-2  

where n = the number of trapped charges. 

A standard derivation (Pagonis et al, 2006) which combines equation 5.1 and 5.2, 

differentiating with respect to time, taking logarithms and putting in the form  y = mx+c gives 

ln(E/(sks)) +E/(ks Tm) = ln(Tm
2/β)         Equation 5-3. 

where y≡ ln(Tm
2/β). m=E (slope of the line), x≡1/ksTm and 

 c (y intercept) ≡ ln (E/(s ks)). 

 Because E is only weakly dependent on s, we may calculate the frequency factor: 

s=E/ks exp (-y intercept) sec-1    Equation 5-4. 

The errors in E and y intercept were calculated from the linest function in Excel, that gave the 

standard error of the slope and y intercept of the line of best fit.  The expression for s (Equation 

5-4) is differentiated with respect to both E and y intercept and combined to give 

 δs=√(exp(-y intercept)/ks)
2*δE2+ ((-E/ks)*exp(-y intercept))2*(δy intercept)2) 
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          Equation 5-5 

Note: the y intercept is extremely sensitive to the slope errors so the error in s is often ~100%. 

This experiment was attempted initially with stainless steel sample cups, but it was found that 

stainless steel discs gave more reproducible results with consistent thermal transfer which is 

critical for these measurements. For inter-aliquot consistency, near-identical 9.7 mm stainless-

steel discs were carefully selected within the range 0.2815-0.2820 g. Each disc was masked, 

and the central 5 mm area sprayed with silicon oil for adhesion of the sample grains. The total 

mass for each disc was nearly the same at between 0.2861 and 0.2863 g (with around 4.5 mg 

of grains). These aliquots were irradiated with a 4 kGy β dose and the TL measured in a Risø 

OSL/TL DA-20 reader with heating rates of 10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05, 0.02 and 0.01 K/s.  

The temperature where the ‘210 °C’ and ‘350 °C’ peaks occurred was recorded for each heating 

rate and the results plotted in Figure 5.8 as (ln (Tm
2/β) vs (1/ksTm).  

 

 

 

 

 

 

 

 

 

 

 

Note that the results from the 10, 5 and 2 K/s runs were not included in the parameter 

calculations due to thermal lag becoming significant, manifesting as a deviation from the 

straight line for lower heat rates. 
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Figure 5-8. Kinetics analysis of the sensitised 480 nm emission at 210 °C and 350 °C. 
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 The slope of the straight line and the projected ‘y’ intercept for each peak plot is used to 

calculate the trap depth (E) and frequency factor (s): 

E = slope of the plot (ln (Tm
2/β) vs. (1/ksTm) eV and s using Equation 5.4 the results 

are presented in Table 5.3.and give the following values: 

Temperature Peak (°C) E (eV) s (s-1) Lifetime @20 °C 

210 1.57±0.04 (2.73±2.53) *1015 10 ka 

350 1.43±0.05 (3.02±2.89) *1010 5.0 Ma 
 

Table 5-3. The kinetic parameters of the 480 nm 210 °C and 350 °C TL peak emissions for Lake Woods 
quartz for a β dose of 4 kGy. 

The values of E and s are broadly consistent with the results reported for the 210 °C peak 

(Veronese et al., 2004a) and the 350 °C peak (Hornyak et al. (1992) for quartz samples which 

had received a much lower dose (i.e. unsensitised). The calculated lifetimes are only indicative 

due to the large error of s. 

5.3.8 Isothermal Fading 

An essential characteristic of the luminescence phenomenon is the ability to store charge for a 

time that is dependent on the trap parameters viz. trap depth (E) and frequency factor (s). These 

factors were derived in the previous section using variation of heating rates and were used to 

calculate a theoretical lifetime for electrons captured in the two specific traps of interest. There 

are other methods to calculate these parameters, however they all have vulnerabilities which 

may render them inaccurate for a specific TL material. For various reasons the uncertainties 

attached to these calculated quantities, derived from any of the methods, may be significant, so 

a more direct measurement of the lifetime as further validation is beneficial. In addition, none 

of these methods can predict if the TL material will suffer from ‘anomalous’ fading, so called 

because in cases like this the signal is prone to significantly greater loss than can be explained 

by the kinetics alone. This fading is also independent of temperature hence it is an anomalous 

effect when considering only the kinetics factors in calculating lifetimes. 

The most straightforward proposal is to irradiate multiple aliquots of the material, store them 

for predetermined periods and then read the TL signal at the end of the storage period. If 

anomalous fading is present, then there will be a loss of signal, which will have a log(t) 

characteristic, and be detected much sooner than may be expected from that obtained by 

calculation using the kinetics parameters. In the absence of significant anomalous fading the 

loss of signal over time will have an exponential behaviour and at room temperature will be 

undetectable for all but the lowest temperature TL traps. If, however, the storage temperature 
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is raised then the probability of escape is increased and hence the signal will fade at an increased 

rate, with the actual amount dependent upon the parameters of the individual TL peak. If the 

results are plotted with a logarithmic intensity (vertical) scale then the exponential line of best 

fit will be displayed as a straight line, with increasing slope as the storage temperature is 

increased. This is further confirmation of the presence or absence of anomalous fading. 

A series of aliquots were β irradiated with a 4 kGy dose and stored in groups of four for varying 

periods at either 20 °C (room temperature- RT) or 100 °C (elevated temperature- ET). At the 

end of each storage period the TL of the four aliquots was measured, peak counts for the           

210 °C and 350 °C peaks recorded, each group of four averaged and the results plotted in   

Figure 5.9. 

 

Figure 5-9.Isothermal fading of the 480 nm TL emission at 20 °C (RT) or 100 °C (ET) for Lake Woods 
quartz following a β dose of 4 kGy. Sample variance and measurement errors of 15% are contained 
within the symbols. 

None of the 350 °C (room temperature), 350 °C (elevated temperature) and 210 °C (room 

temperature) results displayed any loss of counts, indicating the absence of fading over the two-

month storage period.  At elevated temperatures the 210 °C peak showed fading which was 

exponential in character and broadly consistent with that calculated from the measured kinetic 

parameters (lifetime of 90 hours compared with a calculated lifetime of 155 hours).  Hence it 

is concluded that neither the 210 °C and 350 °C peaks display anomalous fading.   
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5.4 Summary 

Whilst the detailed measurements in this study were made on a single quartz sample, the 

observations are generally consistent with earlier work (Hashimoto et al., 1987; Sawakuchi 

and Okuno, 2004; Woda et al., 2011) giving confidence that the results can be extended to 

quartz in general.  It should also be noted that the laboratory β doses were administered at a 

dose rate of ~0.1 Gy/s which is around ten orders of magnitude greater than the environmental 

dose rate that may have implications regarding the degree of sensitisation as a function of dose 

rate (Chawla et al., 1998) 

The 3D TL spectra (Figures 5.1 and 5.2) confirm that the 480 nm emission dominates all other 

TL emissions at doses exceeding 300 Gy (by at least an order of magnitude). Figure 5.3 shows 

that both the 210 °C and 350 °C TL peaks are supra-linear (sensitise with increasing dose), as 

reported by others.  Both also decrease abruptly at doses over 16 kGy, which could suggest the 

depletion of the 480 nm luminescence centres rather than the TL traps. 

Supra-linear growth for doses exceeding 300 Gy was confirmed for the 480 nm TL emission 

noting it dominated all other emissions.  The increased sensitivity of the 350 °C TL peak was 

confirmed enduring for annealing of 1 hour @400 °C whereas the 210 °C peak sensitivity 

change was lost after the first TL heat cycle. This difference in sensitivity enhancement for the 

studied TL peaks forms the basis of a triage procedure as discussed in chapter 6. 

 

Kinetic analysis on the sensitised 210 °C and 350 °C TL gave fundamentally the same E and s 

values as found for low-dose samples (Figure 5.8) and concluded that neither peak displays 

anomalous fading (Figure 5.9). The 12 ka lifetime of the 210 °C peak makes it suitable for 

retrospective dosimetry where the absorbed dose can be reconstructed from standard additive 

growth curve analysis. The 350 °C TL peak could be used in a similar way, noting that it has 

the additional characteristic of retaining its sensitisation for multiple irradiate/heat cycles.  
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6 Chapter 6- Discussion & Conclusion 
Having demonstrated effective dose retrieval from an artificially irradiated concrete sample, 

followed by observing changes in the TL characteristics of highly-dosed quartz, it is now time 

to synthesise these observations into a whole. The following procedure assumes that quartz is 

the predominant TL material present, and to fully generalise the procedure for other luminescent 

materials, a similar characterisation of each would be required. 

6.1 Reiteration of the Project Aims 

The aim of this project is two-fold, addressing questions associated with both forensic 

dosimetry and retrospective dosimetry which, although having distinct and separate goals, 

nonetheless use the same experimental method for evaluation. Firstly, can irradiation of the 

sample material by a man-made source be detected and, if so, is there any marker from a high 

dose exposure that can be used to identify that exposure in an expeditious manner? Once a 

sample is identified as having a significant radiation exposure, can the magnitude of that dose 

be measured to aid a retrospective reconstruction of the event in question and can thermal 

erosion of the luminescence be identified and quantified? Finally, can measurements from 

hydrated or un-hydrated cement be used in conjunction with the foregoing work to clarify the 

investigation? 

6.2 Review of Results 

A short explanation of the basics of nuclear physics and operation of a nuclear reactor preceded 

an account of the dismantling procedure followed by the details of the cores selected for further 

analysis. The samples were selected from two cores, where their distance from the surface was 

known with reasonable accuracy enabling an “effective concrete attenuation path length” to be 

calculated, enabling a dose-depth profile to be plotted for each core to evaluate the consistency 

of the results. 

Two locally supplied cement powders were tested and gave a measurable response to irradiation 

to saturation at 8 kGy from a red emission centred on ~600 nm. There was a pre-existing signal 

at 270 °C comparable to a dose of ~100 Gy, which made the determination of the 170 °C peak 

difficult at low doses. The kinetics parameters for the accessible TL peaks were calculated and 

the half-life deriving from the kinetics were confirmed with fading tests at 20 °C and 100 °C. 

The fading tests also showed no sign of anomalous fading and so there is potential for this 

cement to at least be used to retrospectively indicate a recent irradiation dose. The stability and 

lifetime of the 170 °C peak make it suitable for short term retrospective dosimetry purposes 

given the 69-day half-life at 20 °C; however, high minimum detectable dose mean its utility is 

limited. 
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Samples derived from a series of two concrete cores taken from the bioshield of the ANSTO 

Moata reactor were investigated for use as an analogue for that removed from suspected 

clandestine nuclear facilities. The 620 nm, 190 °C mid-temperature TL peak of quartz was 

recognised as resulting from the reactor dose and was used to quantify the absorbed dose 

received during the operation of the reactor. Comparing the TL response of the 190 °C peak of 

the samples to that of the Master Calibration Curve allows the equivalent absorbed dose to be 

read off for each sample. These doses were plotted as a function of the effective concrete 

attenuation path length through the bioshield, where the trendline for the pair of core series had 

identical slopes, lending confidence that the dose and depth estimates were reasonably 

consistent. When this trend was extrapolated to the surface, it coincided with the minimum 

detectable dose, ~1 Gy, of sample 2A hence lending credibility of the relationship between 

samples and shows that none of the samples suffered thermal erosion of luminescence. This 

demonstrates that the quartz may be used as a dosimeter in this type of scenario with the ability 

to detect and correct for thermal erosion of luminescence in some samples.  

A further study was made of a quartz with strong 480 nm (blue) TL emissions investigating the 

signal response to doses to 16 kGy, and whilst the detailed measurements in this study were 

made on a single quartz sample, the observations are generally consistent with earlier work 

giving confidence that the results can be extended to quartz in general. The 3D TL spectra 

confirmed that the 480 nm emission dominated all other TL emissions at doses exceeding       

300 Gy (by at least an order of magnitude) and showed that both the 210 °C and 350 °C TL 

peaks were supra-linear (sensitise with increasing dose), as reported by others.  Both also 

decreased abruptly at doses over 16 kGy, which suggested the depletion of the 480 nm 

luminescence centres rather than the TL traps. The increased sensitivity of the 350 °C TL peak 

was confirmed enduring for annealing of 1 hour @400 °C whereas the 210 °C peak sensitivity 

change was lost after the first TL heat cycle. This difference in sensitivity enhancement for the 

studied TL peaks forms the basis of a triage procedure as discussed later in this chapter. Kinetics 

analysis on the sensitised 210 °C and 350 °C TL gave fundamentally the same E and s values 

as found for low-dose samples and from elevated temperature storage experiments it was 

concluded that neither peak displayed anomalous fading. The 12 ka lifetime of the 210 °C peak 

makes it suitable for retrospective dosimetry where the absorbed dose can be reconstructed 

from standard additive growth curve analysis. The 350 °C TL peak could be used in a similar 

way, noting that it has the additional characteristic of retaining its sensitisation for multiple 

irradiate/heat cycles.  

6.3 A Radiation Incident Rapid Response Procedure for dose analysis 

The experimental results from this project may be synthesised into a testing protocol as follows: 
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1. Using the high dose screening test (Chapter 5, page 92-3), screen the samples to identify 

high priority (high dose) samples requiring a more detailed examination. This procedure 

is presented here as a flow chart (Figure 6.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. Measure the artificial dose using unirradiated portions of the same sample of quartz to 

generate a master calibration curve to compare the sample TL intensity with known dose 

intensities to assign an equivalent dose for that sample. 

Figure 6-1. Triage Procedure for high dose ATL. 

For the definition of NTL, ATL and MDD please refer to Definitions (page 9). 
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for 180-250 µm fraction 
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              Y  
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3. If no unirradiated material is available use the additive dose method to determine the 

artificial dose. 

4. If thermal erosion is suspected, take a sequence of three samples at a depth where 

heating effects are minimal. Measure the artificial dose and plot a dose- depth profile 

and fit an exponential function. If the surface sample has no thermal erosion its intensity 

value will be plotted at the surface (no attenuation). If thermal erosion is significant the 

sample intensity will be plotted at some point below the surface. 

6.4 Conclusion 

Samples taken from the bioshield of the Moata reactor were firstly tested to identify an artificial 

(reactor) irradiation dose using the mid-temperature TL peak of quartz as the marker. A master 

calibration curve (MCC) was generated using un-irradiated quartz from core sample 2A and the 

individual sample artificial dose compared to quantify it. The doses were confirmed by plotting 

as a function of effective concrete attenuation path length, where identical exponential 

behaviour was shown for core #2 and core #5. This dose-depth plot may be used to confirm if 

another sample has suffered thermal erosion of luminescence by noting if it lies on the dose-

depth line or not. For both the core #2 and core #5, the surface samples were on the dose-depth 

line with an assumed dose of ~ minimum detectable dose (1 Gy). The subfloor sample did not 

conform to this trend, either because the path length assumed was incorrect or the assumption 

that the reactor core was an isotropic source (identical flux in all directions) was invalid.  

A testing procedure has been proposed and demonstrated, that may be used to triage many 

samples and select those with a detectable 190 °C, 620 nm TL signal, and using the 480 nm 

emission, identify those samples with an artificial dose exceeding 1 kGy. Once samples have 

been prioritised, unirradiated quartz portions from the same sample may be used to generate the 

master calibration curve, as detailed in §4.4.2.7 or the additive dose procedure (Aitken, 1985) 

can be used to measure the artificial dose present in the inner core segments tested. Suspected 

thermal erosion of luminescence in samples, predominantly from the surface, may be detected 

and compensated by taking a series of internal samples and plotting the dose-depth profile for 

the samples unaffected by heat. Plotting the suspect sample on this diagram will indicate if 

erosion of luminescence has occurred and by how much. 

The TL response to β radiation of un-hydrated cement was measured and revealed a linear 

response in the range 1-8 kGy with saturation at higher doses and supra-linear growth for lower 

doses. A significant pre-existing dose for the 270 °C TL peak, a half-life of 69 days for the    

170 °C peak and significant minimum detectable dose values of 7 Gy for white cement and     

14 Gy for grey cement, rendered the use of un-hydrated cement (grey or white) problematic. 
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Hydrated cement is reported by others to be lacking sensitivity, and therefore of negligible 

utility in this application. 

6.5 Further Work 

Some specific recommendations for further work include: 

• Validation and refinement of the high dose indicator procedure for additional quartz 

samples representing a range of luminescence properties, for example samples with 

significant 620 nm emissions, those with strong/weak OSL characteristics etc. 

• An investigation to see if the sensitisation of the 210 °C TL peak has any connection 

with the recuperation effect observed in quartz, where the OSL signal is regenerated 

from the charge which is released from the 110 °C trap. 

• Determination of which major components of anhydrous cement are responsible for the 

luminescence signal. 
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7 Publications arising from this thesis 
“Thermoluminescence from quartz 480 nm as a high dose radiation marker” – in press 

https://doi.org/10.1016/j.radmeas.2018.04.001 

 

 

 

 

 

https://doi.org/10.1016/j.radmeas.2018.04.001
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Appendices 

Appendix 1- Moata Cores log 
Descriptions of Concrete Cores from MOATA (for DSTO selection) as received from ANSTO 

A limited range of concrete cores is available.  They were used for characterisation of structure and 

the subfloor regions at various times during the project.  All these cores are of negligible activity as 

they were used typically to confirm the boundaries between ‘non-releasable’ and ‘releasable’ material.  

These have come from 2 sources, the background to which I have detailed below with other general 

information about each type. 

• 50mm cores (7) from initial characterisation work carried out in 2008 in preparation for the 
project.  There were 7 cores taken and all have been retained (with some partial exceptions).  
These cores are all 50mm diameter and of normal density concrete – several pages of relevant 
information are appended. 

o One of these cores (#7) was oblique under the reactor and found no sign of activity. 

Only one core (#2) went as far as the boundary of the heavy density concrete surrounding the 

reactor core (Note: Heavy Density concrete [ρ≈5.5] comprises some 50% or more by volume 

of steel punchings typically about 15mm diameter and 25mm long.  This material is not 

amenable to either coring or to Diamond Wire sawing).  The innermost 500mm of this core 

was used for extensive characterisation work which involved slicing it into sections which were 

subject to gamma spectrometry; some of this material was then sent to Denmark for analysis 

of the beta-emitting contents, this knowledge becoming the basis of our eventual clearance 

process which relied on the ratio of beta to gammas when the concrete wastes were measured 

using ISOCS (gamma only).  Most of the first (innermost) 450mm or so of this core was cut and 

crushed although various fragments and crushed samples remain.  We do not have an accurate 

description of that material. 

o Because of the smallish diameter of these cores and the variable size and composition of the 
aggregate (it appeared to be dominantly river gravels or similar) used for the bioshield 
concrete the ratios for different nuclides was somewhat variable but was adequate to establish 
suitably conservative parameters for the measurement release process. {The parting line or 
boundary between releasable and non-releasable materials was set at about 200mm out from 
the HD concrete surface and proved in practice to be a good choice.  Very little material other 
than around large penetrations through the bioshield was found to exceed release levels and 
thus require reworking to remove the above limits material.} 

o All these cores were carefully ID’d with their position core number and the sections of each by 
letter commencing at A on the outer surface of the reactor and progressing to the innermost 
portion.  They have been stored in this order in standard core boxes.  
The weight of each of the 7 individual cores is about 4.5kg. 

 

• 100mm cores for radiochemical measurement development.  2 cores were taken in late 2009 to 
allow the project radio-chemist to commence his development of protocols for sample 
measurement. 
o One core was taken (1/10/09) immediately adjacent to the above #2, 50mm diameter core 

and went to the HD concrete boundary.  The innermost section of this core which would have 
contained some activation and would have been of most interest radiologically was not 
retained. (Wt = 21.5kg) 

o Another core was taken (26/8/09) from a position close to the above #3, 50mm diameter core.  
There was apparently no activity of radiological significance measured at the innermost end 
and this core appears to be complete in 5 parts (Wt = 32kg)  
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• 100mm cores from bioshield blocks and from the subfloor region. 

o Cores (4) from Bioshield blocks. 

This small collection of cores (numbered 26, 29A, 38, and 42) was taken quite late in the 

dismantling of the outer bioshield concrete (generally all releasable material) to improve the 

knowledge of the β/ ratios in the concrete because of late concerns that the earlier 

information was too variable.  The 100mm diameter provided greater compositional 

consistency between test slices (20mm thick discs cut from the cores) than the 50mm cores.  

The cores were taken from blocks which abutted the 200mm boundary between releasable 

and non-releasable concrete and were as close as practical to the centreline of the reactor.  

Each was adjacent to the major penetration on either side of the reactor structure.  The core 

ID number is the block number.  Several 20mm thick slices were cut from each core for analysis 

purposes.  They remain with the cores. The cores are marked to identify inner to outer ends 

as per photos. Each whole core weighs about 5.5kg.  A photo of the core from block 38 is 

attached and is typical. 

[Note: during the dismantling process, very large numbers of cores were cut through the 

bioshield normal density concrete for access by the diamond wire saw cable used to cut the 

concrete into large blocks.  All these cores were disposed of rapidly either as general waste or 

some as active waste which were retained here on site]. 

• 100mm cores (4) and other samples from the reactor subfloor region. 

4 cores. The reactor core structure sat essentially at floor level hence the underlying floor 

region would be activated.  To determine the depth of material that would have to be removed 

to ensure that the remaining subfloor material did not exceed release levels a series of corings 

were taken across and around the area over which the reactor core had been located.  These 

are indicated on the sketch attached.  The measurably active sections of these corings were 

noted and removed as they were clearly in excess of release levels.  There remainder of these 

corings were then cut into 20mmslices at 200mm intervals for analysis to determine the 

boundaries of the non-releasable material.  Excavation of active material of the sub-floor 

proceeded on this basis and local measurements until local radiation levels at the excavation 

surfaces were below the agreed 0. 5 µSv.hr-1 residual dose rate for clearance of the site.  

Confirmatory sampling of the concrete surfaces revealed that the remaining material was at 

less than the material release levels. 

The 4 available subfloor corings are from core holes numbers 1,2,6 and 7 and include the 

intermediate slices.  They weigh approximately 13.5kg each. 

Other samples.  A series of slices only from all subfloor core holes are available. 
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25mm core samples (depth and location) 

Concrete cores were taken in June 2008 at the locations shown in the sketches below.  The results of 

radiological measurements taken of the core samples are in tables below.  Appendix A contains full 

details of the corings taken. 

 

Figure 3: Horizontal Core Holes (Plan View - Not to Scale). The labels show the length of each core. 

 

 

 

 

Figure 4:   Vertical Core Holes (Elevation -Not to Scale). The labels show the length of each core. 
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(Note: Core Hole 7 was sunk on N.side of Moata at 30deg slope into floor and running approximately beneath 

the centre of Moata.) 

 

Core Hole Sample Data 

The corings were removed in multiple sections due to fracture.  The sections were labelled with the 

following convention - the core section, or sample, closest to the outer face of the reactor is A; the 

next inwards towards the reactor core is B, the next C, and so on. 

Due to the often soft or friable nature of the concrete several corings crumbled at various locations 

resulting in the solid lengths making up a coring not summing to the total depth of the core hole 

itself. 

 

Core Hole 1  (from Ref 1, Table 21) 

Final depth 1500mm. 

Core Sample Length 
(mm) 

Notes 

1A 210 Sample kept for exhibition purposes 

1B 300  

1C 350  

1D 140  

1E 100  

1F 170  

1G 130  

1H 100 5mm slice taken for radiography 

Total 1500 
Core hole depth was 1550mm. Some core material was lost 
during drilling and cracking of core samples. 

 

 

Core Hole 2 (from Ref 1, Table 22) 

Final depth 2000mm.  A small section of high-density concrete was obtained from the end of the core 

sample for testing.  The end of the core hole showed a count of 10 μSv, however no activity was seen 

in slurry. 

Core Sample Length 
(mm) 

Notes 

2A 370 Sample kept for exhibition purposes 

2B 140  

2C 110  

2D 120  

2E 150  

2F 90  

2G 70  

2H 70  

2I 60  



107 
 

Core Sample Length 
(mm) 

Notes 

2J 300 5mm slice from either end of sample taken for spectroscopy 

2K 100 
Contains 3mm of high-density concrete with a piece of steel shot. 
5mm slice from either end of sample taken for radiography 

High density 
dust sample 

NA Sample taken for radiography 

Total 1580 
Core hole depth was 2000mm. Some core material was lost 
during drilling and cracking of core samples. 

Note:  much of samples 2J and 2K have since been pulverised for testing purposes. 

Core Hole 3  (from Ref 1, Table 23) 

This core hole mimics core hole 1, at the opposite side of the reactor.  Final depth 1760mm.  No 

activation was seen. 

Core 
Sample 

Length 
(mm) 

Notes 

3A 420 Sample kept for exhibition purposes 

3B 410  

3C 390  

3D 260  

3E 180 5mm slice taken for radiography 

Total 1660 Core hole depth was 1760mm. Some core material was lost 
during drilling and cracking of core samples. 

 

Core Hole 4 (from Ref 1, Table 24) 

1495mm final depth. No activation was seen. 

Core 
Sample 

Length 
(mm) 

Notes 

4A 460 Sample kept for exhibition purposes 

4B 440  

4C 220  

4D 230  

4E 90 5mm slice taken for radiography 

Total 1440 
Core hole depth was 1495mm. Some core material was lost 
during drilling and cracking of core samples. 
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Core Hole 5 (from Ref 1, Table 25) 

Final depth 1850mm. Core hole 5 was the first hole to be drilled from the top of the reactor.  No 

activation was seen in the slurry or on the core sample; however, a dose of 0.1 μSv/hr was noted at 

the depth of the core hole. 

Core 
Sample 

Length 
(mm) 

Notes 

5A 40 Sample kept for exhibition purposes 

5B 50  

5C 60  

5D 50  

5E 50  

5F 140  

5G 130  

5H 130  

5I 130  

5J 90  

5K 50  

5L 170  

5M 70  

5N 200  

5O 340 5mm slice taken for radiography 

Total 1570 
Core hole depth was 1850mm. Some core material was lost 
during drilling and cracking of core samples. 

 

Core Hole 6 (from Ref 1, Table 26) 

Final depth 1420mm.  No activation was found. 

Core 
Sample 

Length 
(mm) 

Notes 

6A 20 Sample kept for exhibition purposes 

6B 100  

6C 90  

6D 90  

6E 50  

6F 80  

6G 230  

6H 90  

6I 70  

6J 90  

6K 100  

6L 270  

6M 140 5mm slice taken for radiography 

Total 1330 
Core hole depth was 1420mm. Some core material was lost 
during drilling and cracking of core samples. 
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Core Hole 7- Under reactor (from Ref 1, Table 27) 

The core hole under the reactor was intended to show the activation profile under the reactor. The 

angle of declination of the core hole is 30º to the floor (the core drilling equipment could not drill at 

an angle less than 30º).  No activation was found at this angle / depth beneath the core area. 

 

Core Sample Length 
(mm) 

Notes 

7A 170 Sample kept for exhibition purposes 

7B 180  

7C 110  

7D 140  

7E 260  

7F 120  

7G 40  

7H 120  

7I 50  

7J 100  

7K 100  

7L 90  

7M 50  

7N 70  

7O 40  

7P 120  

7Q 130  

7R 70  

7S 80  

7T 110  

7U 40 5mm slice taken for radiography 

Sandstone  NA Sample taken for radiography 

Total 2190 
Core hole depth was 2250mm. Some core material was lost 
during drilling and cracking of core samples. 

 

Sub-Floor sampling 

 

Approximate floor area from which core samples were taken = (3 x 2.5m) 
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Proposed coring pattern 

 

 

 

X7 cores @ Ø 

100mm 

 

 

 

 

 

 

 

Proposed core dimensions & slice locations 

 

 

X5 slices @ 

200mm 

centres & 

one from 

each of the 

top & 

bottom of 

the 800mm 

core 
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Block 38 core 

 

 

Subfloor Core 7 full view 

 

Subfloor core 7 close-up detail 
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Appendix 2- Moata Core photos 
Core #1 50 mm 

 

 

Core #2 50 mm 
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Core #3 50 mm 

 

 

Core #4 50 mm 
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Core #5 50 mm 

 

 

Core #6 50 mm 
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Core #7 (50 mm) 

 

 

Core #7 ctd. (50 mm) 
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Miscellaneous fragments (50 mm) 
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Sub floor cores #3, #4, #5 

 

Subfloor core #1 
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Subfloor Core #2 

 

 

Subfloor Core #6 
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Subfloor core #7 

 

 

Bioshield Block #26 
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Bioshield Block #29A 

 

 

Bioshield Block #38 
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Bioshield Block #42 

 

Sandstone sample 
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Radiochemical Analysis Core #2 

 

 

Radiochemical Analysis Core #3 
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Appendix 3- Adelaide Brighton Cement- cement assay 
 

Diameter 
µm 

Accumulated 
Total (%) 

Individual  
Proportion 

(%) 
Diameter 

µm2 
Accumulated 

Total (%)3 

Individual  
Proportion 

(%)4 

0.1 0  27 76.04 2.8 

0.2 0 0 30 79.68 3.64 

0.4 0 0 32 81.82 2.14 

0.6 0 0 37 86.18 4.36 

0.8 0 0 38 86.91 0.73 

1 5.93 5.93 45 91.05 4.14 

1.1 6.7 0.77 48 92.31 1.26 

1.2 7.45 0.75 51 93.44 1.13 

1.3 8.17 0.72 55 94.6 1.16 

1.5 9.58 1.41 59 95.62 1.02 

1.7 10.93 1.35 64 96.52 0.9 

1.8 10.93 0 65 96.69 0.17 

2 12.84 1.91 68 96.69 0 

2.2 12.84 0 75 97.95 1.26 

2.3 14.63 1.79 80 98.37 0.42 

2.7 16.85 2.22 90 98.99 0.62 

3 18.43 1.58 96 99.26 0.27 

3.3 19.92 1.49 100 99.4 0.14 

3.7 19.92 0 105 99.53 0.13 

4 23.14 3.22 126 99.98 0.45 

4.3 24.45 1.31 128 99.99 0.01 

5 27.31 2.86 147 100 0.01 

5.9 30.67 3.36 150 100 0 

6 31.03 0.36 170 100 0 

6.9 34.11 3.08 180 100 0 

8 37.55 3.44 192 100 0 

9 40.43 2.88 200 100 0 

9.3 41.27 0.84 212 100 0 

11 45.7 4.43 220 100 0 

12 48.18 2.48 270 100 0 

13 50.53 2.35 300 100 0 

15 55.04 4.51 330 100 0 

16 57.18 2.14 400 100 0 

17 59.25 2.07 402 100 0 

20 65.05 5.8 490 100 0 

23 70.19 5.14 500 100 0 

24 71.76 1.57 600 100 0 

25 73.24 1.48    
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